Impacts of climate change on ecosystem functioning: linking aboveground and belowground responses by Pierce, Sarah
1 
 
 
 
 
 
 
 
Impacts of climate change on ecosystem functioning: linking 
aboveground and belowground responses 
 
 
Sarah Christine Pierce 
 
 
Department of Life Sciences 
Imperial College London 
Silwood Park Campus 
Ascot 
 
December 2015 
 
 
 
 
 
A thesis submitted in fulfilment of the requirements for the degree of  
Doctor of Philosophy and the Diploma of Imperial College London 
2 
Abstract  
 
Climate change is expected to include changes to rainfall patterns.  For southern 
England, this is likely to include decreased summer and increased winter rainfall patterns 
by the end of the 21st century.  The aim of this research was to investigate the effects of 
altered precipitation patterns on ecosystem properties both above- and below-ground 
using a grassland experimental system in southeast England.  The DIRECT experiments 
were established in 2008 and continued through 2013.  This included three experiments 
assessing the effects of rainfall change on ecosystem functioning.  The first crossed a 
summer rainfall reduction/winter rainfall increase scenario with plant functional trait 
diversity.  The second considered the effects of two more extreme rainfall change 
scenarios, one an extended drought and one a shorter, more severe drought with 
occasional downpours.  The third crossed rainfall change with increased nitrogen 
deposition in line with current levels experienced in parts of Europe. 
 
By concurrently measuring a broad range of above- and below-ground properties during 
the 2012 and 2013 growing seasons, I assessed the effects of changes in annual 
precipitation patterns.  Drought during the growing season was linked to increased grass 
dominance and reduced ecosystem respiration, photosynthesis, and net ecosystem 
exchange, despite increases in winter precipitation.  Effects on ecosystem functioning 
were most severe under extreme drought scenarios.  Plant functional trait identity and 
diversity influenced response to drought, with increased diversity linked to higher plant 
cover in drought conditions.  Increased nitrogen appeared to magnify the effects of 
drought on plant cover, while moderating the effects on CO2 flux.  These results suggests 
that the levels of precipitation change predicted for England will negatively affect 
biodiversity and carbon cycling in grasslands, but factors such as trait diversity and 
nutrient inputs must be taken into account to understand the range of possible outcomes 
for ecosystem functioning. 
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Chapter 1: Introduction 
 
1.1 Global change and ecosystem functioning 
 
Human-induced global change is happening at an unprecedented rate.  Climate change, 
eutrophication, and loss of biodiversity, among many other factors, are causing large-
scale changes to the biosphere and we have very limited comprehension of the potential 
long-term consequences.  As we increase our understanding of these changes 
individually on particular species or habitats, the picture is further complicated by 
environmental feedbacks and interaction effects which are difficult to anticipate.  Even 
focussing on just one or two change factors at a time is no simple task.  Taking climate 
change as perhaps the most pressing challenge our world is facing, our confidence that it 
is occurring and what the general trends will be is high, but our ability to predict the 
precise repercussions for any specific area or ecosystem is hampered by the complexity 
of ecological interactions. 
 
Based on recent evidence, the Intergovernmental Panel on Climate Change (IPCC) has 
stated that human influence on the climate is clear and changes have had widespread 
impacts on natural systems.  There is high confidence that regional changes in 
temperature have already affected physical and biological systems, and that this will 
continue throughout the century (IPCC 2007; IPCC 2014).  Though there remains some 
uncertainty about the extent of change that will occur, mean global temperatures are 
expected to rise between 0.3-4.8oC by 2100, incidents of heatwave, flooding and 
drought are expected to increase, and sea levels are expected to rise between 8 mm and 
88 mm (IPCC 2014). However, the effects of climate change will not be spread evenly 
around the world, with the amount of warming and changes in precipitation patterns 
varying across regions (IPCC 2007). Models suggest that the UK will experience an 
12 
increase in mean annual temperature of 2-40C by 2080 as well as a 10-30% increase in 
rainfall during the winter months and a 20-30% decrease in rainfall during summer 
months, with an associated risk of increased winter flooding and summer droughts 
(Murphy et al. 2010). 
 
In the 21st  century, climate change is likely to increase the risk of extinction for 20-30% 
of plant and animal species (IPCC 2007). Major changes in ecosystem structure and 
function, species’ ecological interactions and shifts in species’ geographical ranges are 
expected to have negative impacts on biodiversity and ecosystem goods and services 
(IPCC 2007).  In the past century, climate change has already affected biodiversity by 
changing species’ distributions, population sizes, phenology and increasing outbreaks of 
pests and diseases (Millennium Ecosystem Assessment 2005; Walther et al. 2002).  
Climate change can manifest through changes in mean temperature and precipitation or 
extremes across a variety of temporal and spatial scales, and it affects terrestrial 
ecosystem processes through both direct and indirect effects on plants, soil organisms, 
and chemical processes (Shaver et al., 2000).   
 
Climate change is not acting in isolation.  Other global change drivers, such as 
eutrophication, are occurring at the same time and are known to affect ecosystem 
functioning.  For example, anthropogenic nitrogen enrichment occurs around the world 
through direct application (e.g., agricultural fertilisation) and through atmospheric 
deposition of pollutants (e.g., ammonium, ammonia, and nitrous oxide).  In temperate 
ecosystems, nitrogen deposition has been shown to negatively affect plant species 
diversity (see review by Bobbink et al., 2010).  Studies of the effects of nitrogen 
deposition on ecosystems have primarily focussed on North American and European 
temperate regions, but there is increasing concern about effects on other ecosystems as 
well (Bobbink et al., 2010).  Nitrogen deposition can affect ecosystems by changing 
nitrogen availability, thereby changing competitive interactions or making conditions 
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unfavourable for some species.  It can also cause acidification which can influence plants 
directly or indirectly by changing micronutrient availability or releasing toxic metals such 
as aluminium (Bobbink et al., 2010). 
 
Both nitrogen addition and increased plant biodiversity have been shown to decrease 
plant carbon/nitrogen ratio (Novotny et al. 2007). This could have important implications 
for herbivory and decomposition, thereby affecting food web dynamics and nutrient 
availability.  However, no effect of N additions on C:N was found under elevated 
atmospheric CO2 conditions  (Novotny et al. 2007), making it more difficult to predict 
what may happen under different global change scenarios.  Studies have found that 
nitrogen addition also affects soil communities, including decreasing soil microbial 
biomass N and C, changing community structure, and inhibiting respiration (Lovell, 
Jarvis, and Bardgett 1995; Ramirez, Craine, and Fierer 2010; Ramirez, Craine, and 
Fierer 2012). 
 
1.2 Biodiversity and ecosystem functioning 
 
Biodiversity, defined as the variability among living things, including diversity within 
species and between species and ecosystems, contributes to ecosystem services and 
human wellbeing (Mace, Norris, and Fitter 2012).  In terrestrial ecosystems, biodiversity 
affects processes including biomass production, nutrient and water cycling, soil formation 
and retention, and carbon sequestration (Millennium Ecosystem Assessment 2005).  
Biodiversity, in terms of species richness, evenness, composition and interactions, 
increases the resilience and resistance of ecosystems to environmental change (Chapin 
et al. 2000), and stabilises ecosystem productivity through extreme events (Isbell et al. 
2015). While biodiversity loss may only have small effects in the short term, it could 
have a long-term impact on an ecosystem’s capacity to adjust to changing 
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environmental conditions (Millennium Ecosystem Assessment 2005). Recent work shows 
that the more ecosystem functions are examined, the more diversity is needed to 
maintain them all (Zavaleta et al. 2010). 
 
Increased biodiversity can influence ecosystem functioning by allowing interactions which 
result in production higher than would be expected with monocultures (overyielding), 
increasing the chance that key, very productive species will be present (selection), 
increasing the range of functional traits represented, thereby increasing resource use 
efficiency (niche-complementarity), or increasing stability by including a range of species 
with similar functions that respond differently to environmental change 
(redundancy/insurance) (Chapin et al. 2000; Hooper et al. 2005; Hector et al. 2010; 
Dı́az and Cabido 2001).  Zak et al (2003) found that soil microbial communities and the 
ecosystem processes they mediate are altered by the increased plant production 
associated with greater diversity.  Diaz and Cabido (2001) found that functional diversity 
strongly determines ecosystem functioning through selection effects, niche-
complementarity and redundancy, and suggested that species diversity within functional 
types may also play a role in the long-term stability of ecosystems under environmental 
change.  It has also been pointed out that hypotheses like complementary and selection 
effects are not necessarily mutually exclusive, with both playing a part in enhancing 
ecosystem functioning (Hooper et al. 2005).  Likewise, Hector et al. (2010) found that 
both population asynchrony and overyielding helped to stabilise productivity in an 
experimental grassland. 
 
Many studies considering the effects of biodiversity on ecosystem functioning have 
focused only one or two trophic groups (Hooper et al. 2005). However there is 
recognition that organisms from a wider range of trophic groups must be considered in 
order to understand the effects of biodiversity on ecosystem functioning (Roscher, 
Schumacher, and Baade 2004).  Studies considering both plant and microbial 
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communities are increasingly common, while attempts to assess the importance of 
invertebrate and plant diversity on ecosystem functioning are also increasing (Milcu et al. 
2010; Nico Eisenhauer and Schädler 2011a).  
 
1.3 Plant diversity: species richness and functional traits 
 
As well as considering different trophic groups, it is important to look at diversity within 
trophic groups.  For plants, this often means species richness or functional diversity.  
Plant functional groups have been defined as plant species that share similar function at 
the organismal level, similar responses to environmental factors and/or similar roles in 
the ecosystem (Cornelissen et al. 2003). Functional groups can be based on whole 
organism traits, such as growth form, leaf traits, such as specific leaf area, or 
belowground traits, such as rooting depth, among many others.  The traits used to group 
plants vary between studies in order to ensure good categorisation of the community 
and relevance for the study questions (Cornelissen et al. 2003).   
 
Several studies have considered whether species richness or functional trait diversity in 
plants is more important for ecosystem functioning.  Most found that plant functional 
characteristics are more important than species richness for the ecosystem processes 
such as decomposition, soil organic matter dynamics, nutrient uptake by microbes, and 
nutrient retention (Hooper et al. 2005).  However, one recent grassland study suggests 
that species diversity may be more important than functional group or productivity for 
driving soil biota (Eisenhauer et al., 2011). Uncertainty about the relative importance of 
functional diversity vs. species richness for ecosystem functioning may spring from the 
myriad ways researchers define plant functional groups.   
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Numerous studies have tried to divide plant species into functional groups based on their 
traits in order to study the effects of functional diversity (Craine et al. 2002; Roscher, 
Schumacher, and Baade 2004).  This has included grouping such as grasses, forbs and 
legumes (De Deyn et al. 2009), shrubs, grasses and bryophytes (Ward et al. 2009), or 
C3 grasses , C4 grasses, N-fixing dicotyledons and non-N-fixing dicotyledons (Wardle, 
Bonner, and Barker 2000).  Common categories such as  grasses, legumes and forbs are 
useful in some cases; however these groupings do not necessarily correlate with many 
plant traits important for ecosystem functioning (e.g., resource use efficiency, growth 
patterns, or productivity).  For instance, in examining nitrogen cycling, Craine et al 
(2002) found that there was more variation within forb and C3 grass groups then 
between them, and suggested that legumes should be divided into cool and warm 
season groups to better represent the differences in their physiology.  More sophisticated 
methods consider plant traits in terms of their effects on or responses to particular 
ecosystem processes of interest (e.g., leaf N and P concentrations affect biogeochemical 
cycling, and respond to changes in resource availability and climate) (Cornelissen et al. 
2003). Roscher et al. (2004) were interested in the effects of high species richness as 
well as functional diversity on a range of ecosystem properties.  For their functional 
groups, they chose 17 variables, mostly focussing on aboveground morphology, but 
giving double weighting to legumes (Roscher, Schumacher, and Baade 2004).  In 
contrast Fry et al. (2014) used eight variables, but focused on those most relevant to 
nutrient and water cycling, and Grigulis et al. (2013) used only five.  These methods 
produced functional groups that are very different to each other and from the common 
grass, forb, and legume functional groups, but which were more appropriate for the 
research questions.   
 
There is growing evidence that species richness, independent of functional richness, is 
itself important for ecosystem functioning (Nico Eisenhauer et al. 2011; Zavaleta et al. 
2010). This together with the absence of a universal definition for functional groupings 
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indicates that it may be more accurate to consider plant functional traits in terms of a 
continuum, with each species contributing uniquely to ecosystem processes.  However, 
functional groups provide a useful way to explore diversity effects in experimental 
studies, helping to identify which traits or groups of traits drive different processes in a 
way that would not be possible using random species assemblages. 
 
1.4 Aboveground-belowground feedbacks 
 
Terrestrial ecosystems are composed of aboveground and belowground systems linked 
by plants, and the feedback between the systems regulates community structure and 
ecosystem functioning, and will help determine ecosystem responses to climate change 
(Bardgett & Wardle, 2010).  The web of interactions between plant and soil communities 
is complex.  Plants input carbon and nutrients to the soil through litter deposits and root 
exudates, and create microhabitats for soil biota.  These inputs vary depending on plant 
diversity, productivity and seasonality, and influence soil community composition, 
abundance and fungi/bacteria ratios (Bardgett et al., 1999).  The composition of these 
inputs affects microbial and invertebrate community structure, including symbionts, 
herbivores, predators and detritivores (Bardgett & Wardle, 2010).  The presence of 
plants has been shown to help buffer effects of climate variability on processes such as 
soil respiration, which could influence whether soils are a carbon source or sink 
(Aanderud, Schoolmaster, and Lennon 2011). 
 
Soil communities also provide feedback to plants, regulating their growth and community 
composition through nutrient and carbon cycling, soil formation, symbiosis, herbivory 
and disease (Bardgett & Wardle, 2010). A study by Lau and Lennon (2011) found that 
Brassica rapa plants grown in soils with simplified soil communities were smaller, had 
reduced chlorophyll content, produced fewer flowers and were less fecund than plants 
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grown in more complex soils. Knowledge about how soil organism diversity affects 
processes including decomposition and nutrient cycling is still limited. While there is an 
increasing number of studies, the results appear very context-dependent.  For example, 
studies of the composition of mycorrhizal fungi show that community composition and 
diversity influence plant community composition and productivity, but in inconsistent 
ways - positive, negative or neutral depending on soil fertility and plant species 
considered (Hooper et al. 2005).  Despite the complexity, some studies seem to indicate 
more general trends. Chapin et al. (2000) indicated that mycorrhizal fungi species 
richness is linked to increased plant productivity and phosphorus uptake, and that 
increased microbial richness is linked to increased plant litter decomposition.  
 
Environmental factors, particularly water availability, also regulate soil communities.  
Many soil organisms are limited by precipitation and changes in water availability cause 
changes in population sizes of soil biota, with the effects of change intensifying over time 
(Blankinship, Niklaus, and Hungate 2011).  Studies in several habitats suggest fungal 
communities are more resistant to drought and seasonal rainfall variation than bacterial 
communities (Hawkes et al. 2011, Californian meadow; Yuste et al. 2011, Mediterranean 
scrubland and forest).  In an ecosystem with season drought, fungal communities were 
quick to change and to recover when conditions improved (Hawkes et al. 2011).  Perhaps 
surprisingly, other work has shown that increasing precipitation also favoured fungi over 
bacteria (Blankinship, Niklaus, and Hungate 2011), which may suggest that fungi are 
more resilient to change than soil bacteria. That said, results are not always consistent 
and there has been little study of the effects of combined climate and biodiversity 
treatments on soil microbial community structure.  
 
Climate change is likely to affect aboveground-belowground feedbacks through changes 
in temperature and water availability, and these changes may be affected by other 
pollution or land use issues.  Melillo et al. (2011) found that soil warming caused a loss 
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of carbon from soil, but an increase in woody plant tissue which mostly compensated for 
the losses from the soil in a deciduous forest study.  Both climate and plant diversity 
have been shown to strongly influence soil microbial communities, which in turn regulate 
carbon and nutrient cycling.  Active fungi and bacteria constitute 90-95% of 
heterotrophic metabolism in soils (Bardgett et al., 1999), so understanding the 
mechanisms that drive soil biota responses to environmental changes could help predict 
the effects of change on ecosystem functioning (Blankinship, Niklaus, and Hungate 
2011).   
 
Several studies in northern California have considered the effects of climate change on 
plant and soil communities.  Hawkes et al. (2011) found that fungal communities in an 
experimental grassland prone to seasonal drought had more abundant, diverse and 
consistent communities under drought conditions.  They also saw that changes in the 
communities due to drought/rainfall were rapid, reversible and repeatable.  It is unclear 
if responses would be the same in an environment less prone to frequent water stress.   
In the same system, bacterial and archaeal communities were shown to be resilient to 
long term rainfall additions despite significant changes to the plant communities (Cruz-
Martínez et al. 2009). Other studies in the region have suggested these grassland soil 
communities may be well adapted to a range of climatic extremes.  Waldrop and 
Firestone (2006) transplanted soil cores between grasslands and nearby oak forest and 
found that the microbial community in the soil from the forest changed very rapidly 
when moved to the grassland, while the grassland soil stayed the same under forest 
conditions.  They attributed this to the fact that the grassland soils experience a much 
wider range of temperatures and soil wetting/drying seasonally while the forest soil 
conditions are more stable throughout the year.  This suggests that microbial 
communities will change quickly when environmental conditions differ from those to 
which the community is accustomed (Waldrop and Firestone 2006a) and is supported by 
additional work emphasising the importance of soil microclimate for soil microbial 
20 
communities (Waldrop and Firestone 2006b). If a soil community experiences climatic 
variation outside of what is ‘normal’ for its habitat, then community level change is likely, 
along with associated changes in ecosystem functioning. 
 
Changes in soil communities may affect plant diversity and ecosystem functioning.  For 
example, decomposition rates are regulated by soil faunal communities, which both 
influence and are influenced by plant communities (Hooper et al. 2005).  High soil 
fertility tends to promote fast bacteria-driven decomposition pathways while low fertility 
promotes slower fungal pathways (Bardgett et al. 1999).  These different pathways have 
implications for nutrient cycling and availability, but as discussed above, bacteria/fungi 
ratio is affected by climate as well as fertility.  Microbial biomass is determined by plant 
productivity but the effects can vary greatly depending on the plant species present.  For 
example, a short lab study by Bardgett et al. (1999) found that Holcus lanatus caused an 
increase in the proportion of soil fungi over bacteria.  They also found that Lolium perene 
had a negative effect on soil microbial diversity measured by phospholipid-derived fatty 
acid (PLFA) assay.  Many plant effects on soils are inconsistent over time, perhaps 
because of changes in rhizodeposition seasonally and as plants age and develop.  It is 
not clear whether these results would be replicated in a longer term field scale 
experiment, but it highlights the importance of understanding links between the 
aboveground and belowground systems. 
 
Climatic changes can affect both aboveground and belowground processes.  A study by 
Knapp et al. (2002) showed that increased rainfall variability resulted in decreased 
aboveground net primary productivity (ANPP) and decreased soil CO2 flux.  While 
decreasing soil CO2 flux may reduce ecosystem carbon loss in the short term, it may also 
indicate reduced belowground productivity.  Coupled with decreased aboveground NPP, it 
appears that increased rainfall variability will decrease C inputs to the soil overall in this 
system, possibly reducing C sequestration in the long-term.  Aboveground and 
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belowground responses to increased rainfall variability were greatest in the driest years, 
suggesting greater effects with drought (Knapp et al. 2002). 
 
Yuste et al. (2011) found that fungi were much more resistant than bacterial 
communities to seasonal variation in rainfall.  Fungi were better able to adapt to 
seasonal changes and coped better under a 10 year drought experiment, indicating that 
increased drought under climate change could result in increasingly fungi-dominated soil 
communities (Yuste et al. 2011). 
 
If water stress affects the soil invertebrate community, it could have negative impacts on 
food web composition, decomposition rates and feedbacks for plants.  For example, 
earthworms have been shown to act synergistically with fungi to increase nutrient supply 
and benefit plants (Eisenhauer et al. 2010), but are very vulnerable to dry conditions.  If 
invertebrates are lost due to climate change, it could reduce system stability.  Studies of 
the DIRECT plots by De Palma (2011) showed that the density of soil invertebrates, 
especially mites, was strongly influenced by the high variability rainfall treatment. De 
Palma (2011) also found that plant diversity played an important role in determining 
diversity of collembolan communities and that it may help mediate effects of climate 
change. 
 
Higher invertebrate decomposer diversity may also increase the stability of ecosystem 
functions, though evidence is somewhat inconsistent (Eisenhauer & Schädler, 2011; 
Milcu et al., 2010).  If invertebrates are lost due to climate change, it could reduce 
system stability.  Studies show soil food web composition, rather than diversity of 
organisms within trophic levels, drives decomposition and plant production (Hooper et al. 
2005).  Soil invertebrates have been shown to affect plant succession and evenness in a 
microcosm experiment, with effects increasing over time (De Deyn et al. 2003).  The 
presence of soil invertebrates had profound effects on above ground plant biomass for 
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different species, allowing subordinate late successional species to increase.  As this 
experiment was conducted using sterilised soils, it does not consider the effects of 
interactions between soil microbial communities and plants or soil invertebrates.   
1.5 The DIRECT Experiment 
 
The DIRECT (DIversity, Rainfall and Elemental Cycling in a Terrestrial ecosystem) project 
was developed in 2008 on a grassland site at Silwood Park, Berkshire, UK.  It includes 
three experiments looking at the effects of climate change in conjunction with other 
global change drivers at levels that are likely to be experienced in this region by the end 
of the 21st century.  These are:  
1. Diversity experiment: summer drought and increased winter rainfall in 
combination with a gradient of plant trait diversity (Chapter 2); 
2. Extremes experiment: extended spring and summer drought with increased 
winter rainfall and highly variable drought/downpour summer rainfall regimes 
(Chapter 3); and 
3. Nitrogen experiment: summer drought and increased winter rainfall in 
combination with increased rates of nitrogen deposition (Chapter 4) 
 (Table 1.1, see Appendix 1.1 for diagram of DIRECT). 
 
Ambient precipitation was used as a control in all of the DIRECT experiments.  Plots were 
covered with a transparent sloping roof at 0.9-1.4 m above ground level during the 
spring/summer treatment periods.  Ambient control plots roofs had holes to allow 
precipitation to flow through to the plot while maintaining a similar microclimate to the 
climate change plots.  Climate change plot roofs intercepted all precipitation and 
channelled it into storage vessels for redistribution.  For winter precipitation additions, 
extra water was collected in trays and added to the relevant plots as soon possible after 
rainfall events.    
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The diversity experiment at DIRECT (Chapter 2) used plant functional trait groupings to 
assess the effects of altering functional diversity on ecosystem responses to climate 
stress at the field scale (Ellen L. Fry et al. 2013; Ellen L. Fry, Power, and Manning 2014). 
Grasslands are relevant study systems as they are extensive biomes, have a large 
carbon storage capacity, are highly productive, species rich and very responsive to 
interannual variability in precipitation (Knapp et al. 2002).  At DIRECT, native plant 
species were assessed according to eight different traits relevant to C, N and water 
cycling: specific leaf area (SLA), leaf nitrogen content (LNC), nitrogen fixation ability, leaf 
stomatal conductance rates (Gs), above- and belowground biomass (AGB and BGB), leaf 
photosynthetic rate, and perennation.  This resulted in three functional groups: (1) 
perennial grasses, forbs and legumes, (2) caespitose grasses and tall forbs, (3) annual 
forbs, grasses and legumes (Fry et al., 2013).   
 
Functional groups were exposed to an ambient rainfall treatment and a drought 
treatment individually and in all possible trait group combinations.  The “drought” 
treatment consisted of a summer rainfall reduction and a winter addition.  Summer 
(June, July and August) reductions were approximately 30%.  This was done by 
collecting all ambient rainfall and reapplying 50% when rainfall was less than 20 mm in 
24 h, and 100% when rainfall was more than 20 mm in 24 h. Winter (December, 
January, February) additions were 15%, collected beside the plots.  These climate 
change treatments were based on climate model projections for southeast England 
(Murphy et al. 2010). 
 
In the extremes experiment (Chapter 3), the extended drought treatment was similar to 
the climate treatment above, but the summer reduction was extended into the spring to 
cover the period from March through August.  The highly variable treatment had the 
same winter addition, but the summer treatment (June, July, and August) was conducted 
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by storing all ambient precipitation less than 20 mm in 24 h, then adding all stored 
precipitation when ambient precipitation levels were higher than 20 mm in 24 h.  Any 
stored water remaining at the end of August was discarded.   
 
A nitrogen deposition study (Chapter 4) involved applying 2.742 g ammonium nitrate in 
5 l rainwater approximately twice per month to four ambient climate plots and four 
drought plots containing the full plant species mix.  This is equivalent to 40 kg N ha-1   
yr-1.   Nitrogen levels were based on the upper level of nitrogen deposition in European 
non-forest ecosystems (Dentener et al. 2006).  In addition, four ambient and four 
drought plots were used as controls, with a 5 l of rainwater applied at the same time as 
nitrogen on the addition plots (Lee, Manning, Walker, & Power, 2014). Drought 
treatments were the same as those described for the diversity experiment. 
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Table 1.1 DIRECT experimental treatments. Each of the three experiments consisted of 
an ambient control and one or more rainfall change treatments.  The diversity 
experiment also contained plant trait group diversity treatments and the nitrogen 
deposition experiment crossed rainfall change treatments with nitrogen addition.  
Numbers indicate the number of replicates for each treatment within each experiment. 
There were 56 plots in the diversity experiment, 12 in the extreme climate experiment 
and 16 in the nitrogen experiment, for a total of 84 plots across all DIRECT experiments.  
Plant Diversity Treatment 
Functional groups present: 1 2 3 1&2 1&3 2&3 1,2&3 Replicates 
C
li
m
a
te
 T
r
e
a
tm
e
n
t 
Diversity 
experiment 
Ambient 4 4 4 4 4 4 4 28 
Summer 
drought, winter 
flood 
4 4 4 4 4 4 4 28 
Extreme 
climate 
experiment 
Ambient - - - - - - 4 4 
Spring + 
summer 
drought 
- - - - - - 4 4 
Summer high 
variability 
- - - - - - 4 4 
Nitrogen 
deposition 
experiment 
N + ambient - - - - - - 4 4 
N + drought - - - - - - 4 4 
Control + 
ambient 
- - - - - - 4 4 
Control + 
drought 
- - - - - - 4 4 
 Total replicates 8 8 8 8 8 8 36 84 
 
1.6 Aims and outline 
 
The aim of this project was to investigate the effects of changing precipitation patterns, 
as anticipated for the end of the 21st century, on ecosystem properties both above- and 
below-ground using a grassland experimental system.  I considered the effects of 
precipitation change using three experiments in the DIRECT study system assessing the 
importance of plant functional trait identity and diversity, extreme rainfall change 
scenarios, and nitrogen deposition respectively. The aim was to improve understanding 
of the sensitivity and stability of above- and below-ground ecosystem properties to 
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altered rainfall patterns over time while taking other important variables into account.  
The outcomes from each of these three experiments are described in the following 
chapters. 
 
Chapter 2 covers the climate change – plant trait diversity experiment, which looked at 
changing rainfall patterns in conjunction with plant functional trait identity and diversity 
treatments. I assessed changes in the plant and soil communities as well as soil nutrient 
content and carbon flux. Plant functional trait identity and diversity were both important 
for explaining ecosystem properties under drought conditions. 
 
Chapter 3 describes the extreme change experiment, which incorporated three different 
rainfall treatments on plots which began with the full complement of grassland species 
and were allowed to develop without manipulation of the plant community.  Both the 
extended drought and variable drought/downpour treatments were linked to changes in 
ecosystem properties compared to ambient. The variable treatment in particular resulted 
in a switch from net CO2 uptake to net CO2 release in the system at the end of the 
growing season, which could have important implications for carbon storage in the long 
term. 
 
Chapter 4 describes the outcomes of the climate change – nitrogen deposition 
experiment. This involved crossing rainfall change in the form of summer drought/winter 
addition with increased nitrogen deposition.  Both drought and nitrogen deposition were 
linked to changes in ecosystem properties, but nitrogen appeared to moderate the 
negative effects on CO2 flux which were seen under drought conditions. 
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Chapter 5 summarises the findings from the previous chapters and places them in the 
context of the the current understanding in the literature, drawing conclusions from 
across the experiments and making suggestions for future work. 
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Chapter 2: Rainfall change and plant trait diversity interact to influence 
ecosystem functioning over time  
 
2.1 Abstract 
 
Climate change is expected to cause changes to rainfall patterns.  For southern England, 
this is expected to result in decreased summer rainfall and increased winter rainfall by 
the end of the 21st century.  Plant species may respond to these changes with shifts in 
abundance and diversity, resulting in potential consequences for ecosystem functioning 
which may not be realised immediately. Presented here are the results from years 4 and 
5 of the DIRECT climate change and plant trait diversity experiment. This experiment 
links altered rainfall patterns (-30% summer rainfall, +15% winter rainfall) with three 
plant functional trait groupings in a fully factorial design. The results indicate clear 
significant effects of changing rainfall regimes on soil moisture, soil nitrogen and root 
biomass.  Plant functional trait group (FG) treatments were found to play an important 
role in determining plant productivity and ecosystem carbon flux.  Importantly, 
interactions between climate treatment and FG treatments influenced soil carbon and 
nitrogen, root biomass and fungal abundance, and FG diversity was linked to vegetation 
cover and extractable nitrogen levels.  These results suggest an increase in the scope 
and magnitude of ecosystem responses to treatments compared to the first years of the 
experiment (Fry et al., 2013), as well as introducing belowground measures to provide a 
more complete picture of the effects on the ecosystem.  This work highlights the 
importance of long term monitoring in ecological research, and further elucidates the 
significance of functional trait identity and diversity in understanding ecosystem 
responses to environmental change.  
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2.1 Introduction 
 
Climate change is expected to affect ecosystem community structure and function in a 
variety of ways, but predicting the implications for specific systems is hampered by the 
complexity of interactions in natural systems and the time scales involved (Weltzen et al. 
2003).  Even focusing on a single aspect of climate change, such as precipitation, results 
in multifaceted changes in ecosystem properties which are difficult to anticipate.  
Precipitation change itself can imply very different things – reductions or increases in 
rainfall and changes in the intensity, length or periodicity or water stress experienced – 
resulting in variable effects.  Furthermore, the effects of precipitation change are likely 
to be strongly influenced by the structure and diversity of the plant community that is 
present. 
 
A number of studies have considered the effects of altered precipitation regimes on plant 
productivity and community structure.  For example, the review by Jentsch et al. (2007) 
noted the importance of extreme events, such as severe drought, in causing species 
shifts which are maintained long after the original event, but also highlighted the need 
for better understanding of the effects of extreme weather events on biodiversity and 
ecosystem functioning.  Chimner et al. (2010) focused on seasonality of precipitation 
and found that winter snowfall had important implications for plant productivity and 
ecosystem function in a Wyoming grassland, particularly in years with dry summer 
conditions. This was because the snow allowed for slow percolation rather than fast 
runoff and resulted in higher soil moisture that was maintained into the summer months.  
In terms of periodicity, Fay et al. (2003) found that redistribution of rain into fewer, more 
intense events resulted in species-specific decreases in aboveground NPP and increases 
in root:shoot ratio in a Kansas prairie, leading to changes in competition and the 
suggestion that periodicity of rainfall may be as important for ecosystems as total 
amount. 
30 
 
Plant functional traits are known to influence ecosystem properties and processes such 
as nitrogen and carbon storage, decomposition and microbial community structure (de 
Vries et al. 2012; Orwin et al. 2010; Garnier et al. 2004; Sandra Lavorel et al. 2011). 
Plant traits can explain ecosystem effects such as biogeochemical cycling and 
susceptibility to disturbance as well as individual plant responses (S Lavorel and Garnier 
2002).  While many plant functional traits can be seen as falling along a continuum 
(Wright et al. 2004), separating species into a manageable number of groups with 
shared traits allows for assessment of the importance of those traits in field studies 
(Ellen L. Fry, Power, and Manning 2014).  
 
For southern England, models have predicted changes in precipitation in the form of 
decreased summer rainfall and increased winter precipitation (Murphy et al. 2010).  
Using the DIRECT diversity-climate change experiment, established in June 2008, we 
examined the effects of altered precipitation regimes in conjunction with plant functional 
trait identity and diversity treatments on grassland structure and functioning. Fry et al. 
(2013)’s results from the first three years of this project show that soil moisture levels 
were affected by the climate treatments, but with a lag of 2-3 months.  Summer drought 
treatments slowed C and N cycling, and were associated with decreased net ecosystem 
CO2 exchange, ecosystem respiration, and living plant cover.  In addition, drought 
treatment effects varied depending on which plant functional trait groups were present.  
For example, perennial grasses had higher process rates and higher nutrient stocks when 
soil moisture was high, but were more greatly affected by climate change treatments 
than caepitose grasses or annuals.   
 
While this provides an interesting insight into the early effects of changing rainfall 
patterns in communities of contrasting functional trait identity and under different levels 
of plant functional diversity, it cannot be assumed that the same trends – or even 
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direction of responses - will continue over a longer treatment period.  Short duration 
studies have shown no or variable effects of plant diversity on ecosystem processes  
(Butenschoen, Scheu, and Eisenhauer 2011; R. D. Bardgett et al. 1999), while longer-
term studies have shown that it can take up to four years for soil communities to 
become fully established and stabilise (N Eisenhauer et al. 2010). Other studies suggest 
the effects of climate or biodiversity treatments may not become apparent for several 
years, or indeed may switch after a number of years (Suttle, Thomsen, and Power 
2007). Long term studies are necessary in order to assess ecosystem resilience to 
change and to detect potential cumulative treatment effects (Silvertown et al. 2010).  
This uncertainty around long term effects emphasises the necessity for long term study 
of changes in precipitation patterns in order to elucidate the repercussions of such 
changes for plant productivity and ecosystem functioning.   
 
With this in mind, this chapter presents the results of two further years of 
experimentation at the DIRECT study site, and extends the breadth of responses 
measured to examine longer term responses, both above- and below-ground in this 
experiment. Variables monitored included plant and soil microbial community structure, 
abundance and activity, soil nitrogen and phosphorus levels, and carbon flux and 
storage.  These parameters were measured concurrently near the end of the growing 
season for two years in order to better explain observed changes in ecosystem function. 
 
Four hypotheses were developed, following on previous results reported by Fry et al. 
(2013). Expected outcome were:  
(1) Reduced plant cover in summer drought treatments as drought inhibits plant 
growth.  These changes are mirrored by changes in other ecosystem properties, 
such as reductions in CO2 flux in summer drought treatments. 
(2) Severity of drought effects on productivity and ecosystem properties (e.g., CO2 
flux and soil nutrient levels) depends on which plant functional trait groups are 
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present, with FG3 (containing mostly small annuals) being most susceptible to 
drought. 
(3) Effects of drought on productivity and ecosystem properties are less pronounced 
in treatments with higher plant trait diversity. 
(4) Effect of the caespitose grass group (FG2) on ecosystem properties increases as 
the group becomes more established.  This group was not well established during 
the first years of the experiment (Fry et al., 2013), so effects on ecosystem 
processes were not apparent.   
 
2.3 Methods 
 
2.3.1 Study site and treatments 
 
The study was conducted on the DIRECT field site which includes 56 experimental plots 
with plant functional diversity and climate manipulation treatments (Fry et al., 2013 and 
described in Chapter 1). In brief, plant species were divided into 3 functional groups: 
FG1: perennial grasses and forbs (23 species), FG2: caespitose grasses (6 species), and 
FG3: annuals (28 species).  Diversity treatments were maintained by weeding annually 
in the spring.  The two climate treatments were based on precipitation: (1) year-round 
ambient precipitation and (2) -30% summer rainfall/+15% winter rainfall (hereafter 
referred to as ‘Drought’ to reflect the decreased summer rainfall).  All measurements to 
investigate changes in plant and soil community composition and process rates were 
taken in September 2012 and September 2013 to help elucidate aboveground-
belowground linkages late in the growing season following the end of the summer 
drought part of the climate manipulation.  Timing was decided due to the known time lag 
in drought effects on soil moisture (Fry et al. 2013). Methods are outlined below and are 
consistent with previous work on the DIRECT site by Fry et al. (2013). 
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2.3.2 Field and laboratory measurements 
 
Soil moisture was measured in the field using a theta probe attached to a soil moisture 
meter.  Four readings per plot were taken at each sampling period, one from each 
quadrant, at least 30 cm from the edge of the plot.  The mean of these reading was used 
for analysis. 
 
Vegetation surveys were conducted in September using a 1 m2 quadrat placed in the 
centre of the plots, and percentage living plant cover was estimated for each species 
present. Total cover of >100% reflects layering of plants in very productive years. 
  
CO2 fluxes were measured in each plot twice in September 2012 and 2013, using a 
Ciras-1 Infra-Red Gas Analyser (PP Systems International Inc., Amesbury, MA, USA) with 
a Perspex chamber cuvette (299 cm2 area, 8958 cm3 volume).  Each plot contained a 
previously installed collar inserted 5 cm into the soil and the cuvette was placed over this 
to create a seal.  Net ecosystem CO2 exchange (NEE) measurements were taken over 
two minute periods in full sunlight between 10am and 5pm.  For ecosystem respiration 
(Reco), the cuvette was covered by an opaque sheet, allowed to equilibrate for one 
minute and then measured in the same way as NEE.  Soil moisture, photosynthetically 
active radiation and soil temperature were measured at the same time and used as 
covariates in the statistical analysis.  
 
Four 2.5 cm diameter, 10 cm deep soil samples were combined from each plot in 
September 2012 and 2013.  Samples for each plot were homogenised and sieved to 2 
mm.  From this fresh soil sample, 20 g was frozen for later qPCR and TRFLP analysis, 30 
g was used to determine soil extractable nutrient concentration as described below, and 
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20 g was weighed and oven dried at 80oC for 24 h, then re-weighed to determine water 
content.  This dried soil was then used to determine soil carbon, nitrogen and 
phosphorus levels, as described below.      
 
Plant available nitrogen (NH4
+ and NO3
-/NO2
-) was extracted using Allen’s (1989) method 
by adding a 1 molar KCl extractant to 20 g fresh soil and agitating for one hour.    Plant 
available phosphorus (PO4
+) was extracted using Truogs methods  by mixing 10 g fresh 
soil with 150 ml Truogs solution (6 g (NH4)2SO4, 10 ml 0.05M H2SO4, 2 l dH2O) and 
agitating for 30 minutes.  Mixtures were filtered using Whatman No 1 filter paper and 
analysed using a Skalar SAN++ continuous flow analyser (Skalar Analytical Systems B.V, 
Breda, Netherlands).  If analysis could not be completed within 24 h of extraction, 
extracts were frozen at -20oC until analysis could be completed.   
 
Additional soil was dried at 80oC to constant weight and milled for 3 min at 250 rpm 
using a ball mill.  Half of each sample was sent to the Forest Research laboratories at 
Alice Holt, Surrey, for total carbon and nitrogen determination by total combustion 
analysis.  The remainder was used to determine total phosphorus and nitrogen 
concentrations by acid digest.  250 mg dried, milled soil was used for Kjedhal digestion.  
One selenium tablet and 3 ml 98% sulphuric acid were added to the samples.  Samples 
were digested for 30 minutes at 250oC, then at 400oC for two hours using a Gerhardt 
Kjeldatherm KB40S digestion block (C. Gerhardt GmbH & Co KG Analytical Systems, 
Konigswinter, Germany).  The block was cooled before each sample was diluted with 
approximately 15 ml dH2O and mixed. Samples were filtered into 25 ml volumetric 
flasks, diluted to volume, and stored at 4oC until analysis.  Digests were further diluted 
(150 µl digest in 285 µl dH2O) and analysed using a Skalar SAN++ continuous flow 
analyser. 
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To assess litter decomposition, samples of the dominant plant species, Holcus mollis, 
were collected and dried to constant weight at 70oC.  Samples were cut into pieces 
approximately 2 cm in length and 2.00 g were placed into mesh litter bags with a 1 mm 
aperture.  Two litter bags were placed in each plot in March 2012.  One bag from each 
plot was collected in September 2012 and the second in March 2013.  After collection, 
litter remaining in the bags was dried at 70oC to constant weight and weighed to 
determine percentage mass loss.  In September 2013, depth of litter was measured at 6 
locations in each plot to assess differences in litter accumulation between treatments. 
 
For microbial community analysis, frozen soils were defrosted and total nucleic acids 
were extracted using MoBio PowerMax DNA Extraction Kit (MoBio Laboratories, Carlsbad, 
CA, USA) following the manufacturer’s instructions, then stored at -70oC until analysis. 
DNA content of extracts was quantified using a NanoDrop 2000 UV-Vis 
Spectrophotometer (Thermo Fisher Scientific Inc) and 2µl sample.  
 
Multiplex terminal restriction fragment length polymorphism (M-TRFLP) was used to 
assess soil microbial community structure as described by Singh et al. (2006), using 
bacterial primers 63F and 1087R and fungal primers ITS 1F and ITS4. DNA was amplified 
using Polymerase Chain Reaction (PCR) as described in Fry et al. (2015) using reagents 
from Bioline (MA, USA), Bovine Serum Albumin from Promega (WI, USA), and primers 
from Invitro Technology (VIC, AU). A Bio-Rad DNA Dyad Cycler (Bio-Rad, NSW, AU) was 
used for all PCRs.  ChargeSwitch PCR Clean-Up Kits (Invitorgen, VIC, AU), were used to 
purify PCR products. An ABI3500 Genetic Analyser (Invitro Technology) was used to 
resolve terminal restriction fragments (TRFs), which were then analysed using 
Genemapper (Invitro Technology) and binned using T-REX (trex.biohpc.org). 
 
Quantitative PCR (qPCR) was conducted to assess relative bacterial and fungal 
abundance using bacterial primers Eub338 and Eub518, and fungal primers 5.8S and ITS 
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1F (Fierer et al. 2005) using a Rotor-Gene 6000 cycler (Corbett Life Science, NSW, AU). 
Full methods were identical to those presented in Fry et al. (2015). 
 
For the September 2012 sampling period, soil microbial basal respiration of field fresh 
soil was determined by colorimetric assessment of CO2 production using MicroResp 
plates (James Hutton Institute, Aberdeen, Scotland).  For 2013 samples, soil activity was 
determined by ATP quantification using BacTiter-Glo Microbial Cell Viability Assay 
(Promega Corporation).  This assay contains a luciferase enzyme that binds to ATP and 
emits a luminescent signal which was detected using a Synergy 2 plate reader with 
Gem5TM ready control and data analysis software (BioTek Instruments Inc).  
 
2.3.3 Statistical analysis 
 
Data were analysed with linear mixed effects models (LME) from the nlme package in R 
(Pinheiro et al. 2015).  Block (four levels) was included as a random effect in all models.  
Where there was more than one measure per plot, plot was also included as a random 
effect nested within block.  Fixed effects included climate treatment (two levels), plant 
functional trait groups (FGs) as presence/absence data, and all two-way interactions.  
For CO2 flux data, photosynthetically active radiation, soil temperature and soil moisture 
were also included as fixed effects in the maximal model.  Models were simplified based 
on Akaike information criterion (AIC) upon deletion from the maximal model as 
described in Crawley (2007).  Fixed effects terms were removed if AIC decreased on 
deletion, or increased by less than 2 and terms had an estimated p>0.05.  Minimal 
models were then refitted using REML, and t and p values obtained from the lme 
summary. Models were checked graphically for conformity with model assumptions.  If 
assumptions were not met, data were transformed and models were re-run.  To check 
for importance of functional group diversity, data were re-analysed the using the same 
method but substituting the number of functional groups present for group 
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presence/absence. While soil moisture for individual dates was analysed using LME as 
described above, soil moisture was also analysed using a general linear mixed model 
(GAMM) to examine trends over time.  Multivariate data were analysed using the anosim 
function of the vegan package in R with 999 permutations and block included as strata.  
 
The total number of plots in the experiment was 56, so in a fully-factorial model of 
drought x plant functional trait group treatments, n=4.  This leaves a high risk of Type II 
error, so all results indicating p<0.1 are presented below to help indicate developing 
trends. 
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2.4 Results 
 
Results collected from September 2012 and 2013 are summarised below and in Tables 
2.1 and 2.2.  The results presented assess the importance of the plant functional trait 
groups (FGs) on a presence/absence basis to further minimize the risk of Type II error. 
While each FG combination occurs only 8 times in the experiment (4 times in ambient 
treatments and 4 times in drought treatments), each individual FG is actually present in 
16 plots and absent in 12. By comparing effects in this way, it is possible to see the 
effects of the individual FGs in greater detail.  Plots presenting the fully-factorial FG 
combinations are presented in Appendix 2, along with alternative results summary 
tables. 
 
Table 2.1 Effects of plant functional group diversity on ecosystem responses. All p<0.1 
are presented, along with arrows representing the direction of change.’ ns’ indicates 
effects were not significant (p>0.1). 
 Drought Number of FGs Drought: Number 
of FGs 
Total plant cover ns ↓ 
0.015 
↑ 
0.047 
Plant species richness ns ↑ 
0.046 
ns 
Extractable NH4
+ ns ↑ 
<0.001 
↓ 
0.008 
Bacteria abundance ↑ 
0.007 
ns ↓ 
0.024 
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Table 2.2 Summary of responses of ecosystem measurement to climate and plant 
functional group treatments, September 2013. All p<0.1 are presented, along with 
arrows representing the direction of change. Blank boxes indicate effects were not 
significant (p>0.1). 
 drought FG1 FG2 FG3 drought:
FG1 
drought:
FG2 
drought:
FG3 
FG1: 
FG3 
Total plant cover    ↓ 
0.018 
    
Grass cover    ↓ 
0.006 
    
Legume cover  ↓ 
0.039 
      
Plant species 
richness 
    ↓ 
0.047 
   
Total root biomass 
 (0-20 cm) 
      ↑ 
0.073 
 
0-5 cm     ↑ 
0.079 
   
5-10 cm  ↑ 
0.018 
      
NEE *↓ 
0.010 
 ↓ 
0.024 
     
Reco  ↑ 
0.008 
↑ 
0.050 
↑ 
0.071 
   ↓ 
0.011 
Psyn *↓ 
0.008 
 ↑ 
0.010 
     
Extractable NH4
+  ↑ 
0.017 
↑ 
0.047 
↑ 
0.017 
↓ 
0.023 
 ↓ 
0.087 
 
Extractable NO3
-    ↑ 
0.028 
  ↓ 
0.004 
 
Total soil N ↑ 
0.022 
    ↓ 
0.010 
  
Total soil C ↑ 
0.037 
↑ 
0.040 
   ↓ 
0.024 
  
C/N ratio  ↑ 
0.023 
      
Bacteria abundance ↑ 
0.084 
  ↓ 
0.015 
    
Fungi abundance  ↑ 
0.084 
   ↓ 
0.069 
 ↓ 
0.010 
* indicates direct effect of lower soil moisture rather than drought treatment. This was used as a covariate for 
CO2 flux measurements, along with PAR and soil temperature. 
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2.4.1 Soil moisture 
 
Over the period from July 2012 until September 2013, soil moisture was 1.63% lower in 
climate change compared to ambient plots (p<0.001).  Soil moisture was also 0.6% 
lower in plots containing plant functional group 1 (FG1) (p=0.005).  This was despite 
higher soil moisture in the ‘drought’ treatment over the winter due to the increased 
winter precipitation treatment (Figure 2.1).   
 
The lower soil moisture during the summer in the drought treatment was maintained for 
approximately one month after the end of the drought treatment in 2012.  This is 
despite an unusually wet summer in 2012. The mean Jun-Aug rainfall at Silwood for the 
20 years before DIRECT began (1987-2007) was 150.7 mm ± 12.8 mm (Silwood 
Weather Station, unpublished).  In 2012, the rainfall during this period was 255.2 mm, 
and the drought plots received 145.5 mm rain.   
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Figure 2.1 Soil moisture by climate treatment. Light grey regions indicate timing of 
summer drought treatments. Dark grey region indicates timing of winter rainfall 
additions. Error bars represent 1 SEM. Soil moisture over time was highly 
significantly different between climate treatments (p<0.001), resulting in 
significantly lower moisture during summer drought treatments and for 
approximately 1 month after the treatment end, with the exception of one date 
following a rain event in early August 2013. Moisture in February 2013 was higher 
in the 'drought' treatment, reflecting the increased winter rainfall in this treatment. 
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2.4.2 Plant community 
 
In September 2012 the mean vegetation cover across treatments was 94% and there 
was no significant difference in total vegetation cover between any of the climate or 
plant diversity treatments.  Grass cover was on average 10% lower when FG3 was 
present, but this was only significant at the 10% level (p=0.082).  Legume cover was 
5.7% lower when FG1 was present (p=0.040).  In September 2013, mean vegetation 
cover across treatments was 86%.  Despite lower overall cover compared to 2012, the 
treatment trends were maintained and the influence of functional groups was more 
apparent.  Total vegetation cover was 5.8% lower in plots where FG3 was present 
(p=0.018), and grass cover was 12.8% lower in this treatment (p=0.006). Legume 
cover was 3.2% lower when FG1 was present (p=0.039).  Plant functional group 
diversity (i.e., the number of functional groups present) was important for plant cover, 
with higher plant cover under drought conditions when more functional groups were 
present. 
 
Plant functional group identity influenced total species number.  In 2012, species number 
per plot ranged from 1 to 9 species.  Species richness was higher by an average of 2.2 
species when both FG1 and FG2 were present (p=0.004).  Species richness was lower by 
an average of 1.7 species under drought treatment when FG1 was present (p=0.025).  
In 2013, species richness per plot ranged from 2 to 9 (Figure 2.2).  The interaction 
between climate treatment and FG1 was maintained (p=0.047), resulting in an average 
of 1.6 fewer species in drought treatment when FG1 was present, but the effects of the 
other functional groups were not apparent. 
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Figure 2.2 Vegetation cover and plant species richness ± SEM, September 2013.  FG3 
was linked to lower vegetation cover, and FG1 was linked to lower species richness 
under drought conditions.  
 
2.4.3 Root Biomass 
 
Total root biomass (0-20 cm soil depth) was marginally influenced by climate and FG3, 
resulting in an increase of 6633 g m-2 when FG3 is present under drought conditions 
(p=0.073). Surface root biomass (0-5 cm soil depth) was lower when FG1 was present in 
ambient conditions, and higher in drought conditions (p=0.079), resulting in an average 
of 3400 g higher surface root biomass in drought conditions when FG1 was present.  
Shallow root biomass (5-10 cm) was 1220 g higher when FG1 was present (p=0.018). 
Deeper root biomass (10-20 cm) was not significantly affected by the treatments. 
a b 
a a 
b 
c 
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Figure 2.3 Root biomass by depth± SEM, September 2013. The top row shows the total 
root biomass from 0-20 cm depth, and the following two rows indicate biomass at 
different depths within this range. While FG3 was correlated with increases total root 
biomass (0-20 cm depth) under drought conditions, only FG1 was important at smaller 
depth subdivisions (0-5 cm and 5-10 cm). 
a a 
b b 
a a 
b b 
  a   b 
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2.4.4 CO2 flux 
 
Net ecosystem CO2 exchange (NEE), respiration, and photosynthesis were affected by 
soil temperature and date of measurement, but not by the climate or diversity 
treatments in 2012.  
 
In 2013, the magnitude of NEE was increased (i.e., NEE became more negative) with 
presence of FG2 (p=0.026) and increasing soil moisture (p=0.012).  Although there was 
a significant effect of soil moisture but not climate treatment on NEE, soil moisture was 
2.3% lower in the drought treatment when NEE was measured (p=0.006). Drought was 
associated with a non-significant reduction in NEE magnitude of 0.5 µmol m-2 sec-1. 
 
Ecosystem respiration was increased by each plant functional group presence 
individually, but decreased when FG1 and FG3 were present together (FG1 p=0.008, FG2 
p=0.0503, FG3 p=0.0714, FG1:FG3 p=0.0114). Photosynthesis showed a similar trend 
to NEE, with FG2 presence and increasing soil moisture resulting in higher 
photosynthesis (p=0.0101 and p=0.0082, respectively). Drought was associated with a 
2.7 µmol m-2 sec-1 reduction in photosynthesis, but this was not significant. 
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Figure 2.4 CO2 flux ± SEM by functional group presence, September 2013. A general 
trend for lower CO2 flux under drought conditions was not statistically significant, though 
soil moisture and FG presence were. 
 
  a   b 
  a   a   a 
  a 
  b   b   b 
  b 
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2.4.5 Soil nutrients and carbon 
 
There was no difference in extractable nitrate/nitrite or ammonium between any of the 
treatments in September 2012, but September 2013 revealed a very different picture.  
Nitrate/nitrite levels were higher in the presence of FG3 (p=0.0276), except under 
drought conditions (p=0.0037).  Ammonium levels were higher with each functional 
group individually (p<0.05), but lower when FG1 or FG3 was present in drought 
treatments (p<0.023, and p=0.087, respectively).  Increased plant functional trait group 
diversity (number of FGs present) was associated with lower ammonium levels under 
drought conditions.  There was no difference in extractable or total phosphate between 
the treatments. 
 
Total soil nitrogen concentration averaged 0.161% across treatments in 2012, and 
0.166% in 2013.  In 2012, drought had a small, marginally significant effect on total soil 
nitrogen, decreasing concentrations by 0.007% (p=0.060).  In 2013, soil nitrogen 
concentration was 0.014% lower when FG2 was present in drought plots (p=0.010, Fig. 
2.5).  
 
Total soil carbon concentration across treatments averaged 2.09% in 2012 and 2.19% in 
2013.  In 2012, carbon was significantly influenced by FG1**, FG2*, FG3**, and 
FG1:FG2*, and marginally by climate† and FG2:FG3† (**p<0.01, *p<0.05, †p<0.1).  
Presence of the FGs individually increased soil carbon by around 0.3%, but FG1 and FG2 
in combination, or FG2 and FG3 in combination appeared to counteract this effect.  In 
2013, the influence of climate was more apparent and the influence of the FGs was 
somewhat diminished.  Carbon concentrations were higher by 0.13% under drought 
conditions compared to ambient (p=0.0366), however when FG2 was present under 
drought conditions, carbon concentrations were lower (p=0.0237).  Soil carbon 
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concentrations were also slightly higher when FG1 was present (+0.09%, p=0.0402), 
and the C:N ratio was 0.28 higher in plots containing FG1 (p=0.0232, Fig. 2.5). 
 
2.4.6 Litter decomposition 
 
Litter bags that were in the field for six months from March 2012 to September 2013 had 
significantly greater mass lass in drought plots compared to ambient climate (p=0.006).  
Mass loss was also significantly higher in plots that did not contain plant FG3 (p=0.017).  
However, these early treatment differences disappeared after 12 months of in-situ 
incubation. 
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Figure 2.5 Soil carbon and nitrogen content, and C/N ratio by plant functional trait group 
presence, September 2013. Though carbon and nitrogen contents are expressed as a 
percent of total soil mass, figures are focused in on the relevant range to highlight 
differences between treatments. Both carbon and nitrogen content were lower in the 
drought treatment when FG2 was present, though drought was linked to higher carbon 
content generally. Both carbon and C/N ratio were higher when FG1 was present. 
 
  a 
  a 
  b 
  b 
a 
a 
b 
b 
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b 
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2.4.7 Microbial community 
 
In 2012, microbial activity (measured as microbial respiration in fresh soil) was 
significantly higher in the ambient compared to drought treatment (p=0.0074).  There 
was no difference between functional group treatments. Microbial respiration measured 
after addition of water and/or glucose showed no difference between climate or 
functional group treatments.  In 2013, ATP was measured in fresh soil samples, and 
showed no significant difference between treatments. 
 
Microbial community structure (as assessed by multiplex TRFLP) showed no significant 
difference between communities based on climate or plant functional group treatments. 
Increasing plant functional group diversity was associated with lower bacteria abundance 
(copy number starting quantity determined by qPCR) under drought conditions. Bacteria 
abundance was lower when FG3 was present and in the drought treatment (p=0.0045 
and p=0.0643, respectively).  Fungi abundance was affected by interactions between 
FG1 and FG3 and marginally by climate and FG2.  Presence of FG1 led to marginally 
higher fungi copy numbers (on average, 30517 higher than when absent, p=0.084), but 
when both FG1 and FG3 were present, fungi copy number was significantly lower (57707 
fewer copies than when both were absent, p=0.01).  Under drought conditions, copy 
number was 39,277 lower when FG2 was present compared to ambient conditions where 
FG2 was absent (p=0.069). 
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Figure 2.6 Bacteria and fungi qPCR starting copy number abundance, and fungi/bacteria 
ratio of copy numbers, September 2013. Presence of drought and FG3 were associated 
with lower bacteria and fungi abundance. 
 
 
ab 
a 
ab 
b 
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 2.5 Discussion 
 
This experiment considered the effects of plant functional trait diversity on ecosystem 
responses to an altered precipitation regime.  The results indicate that both plant 
functional trait identity and diversity influence aboveground and belowground ecosystem 
responses to rainfall change at levels predicted for the end of the 21st century. 
 
2.5.1 Drought effects on ecosystem functioning 
 
I expected that plant cover and CO2 flux would be lower in drought treatments 
(hypothesis 1), however, this was only partially supported. Drought effects in this 
system, independent of functional group treatments, were more limited than expected.  
This is likely influenced by the naturally high levels of moisture variability in the system, 
with soil moisture levels even in ambient treatments frequently falling below 10% in the 
summer months.  
 
Total plant cover was not significantly lower under drought conditions, most likely due to 
high levels of plant growth prior to initiation of the summer drought treatment in June 
combined with a lag in soil moisture responses to the treatment.  Despite lack of drought 
effects on plant cover, some longer term effects of drought, such as increased soil carbon 
and nitrogen concentrations, were becoming apparent in September 2013.  Total carbon 
and nitrogen concentrations do not tend to change quickly and are likely the result of 
very slow accumulation over several years. 
 
On the opposite end of the temporal scale, CO2 flux was influenced by lower soil 
moisture, with reductions in both photosynthesis and net ecosystem exchange.  CO2 flux 
has been shown to be dependent on soil moisture in many studies (Pereira et al. 2007; 
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Harper et al. 2005).  Though drought treatment as a factor did not come out as 
significant even when soil moisture was removed from the model, it is clear that at both 
of the specific time points when CO2 flux was measured, and more generally throughout 
the treatments, that soil moisture is linked to the precipitation change treatment.  It is 
likely that increased sampling efforts would have revealed a more significant relationship 
between the drought treatment and CO2 flux.  That said, the clear significance of the 
functional groups on CO2 flux suggests that plant functional traits play a stronger role in 
determining carbon flux than summer drought in this system.  
 
2.5.2 Effects of plant functional traits 
 
A wide range of aboveground and belowground ecosystem properties varied in 
association with plant functional trait group presence in this system.  This work confirms 
the importance of FG1 which was reported by Fry et al (2013), but also highlights an 
increased importance of the other functional groups over time as the experiment 
continued to develop. 
 
The effects of the functional groups on plant community were influenced to some extent 
by the weeding required to maintain the treatment groups.  For example, FG1 contains 
Holcus mollis, which is the dominant species at the study site.  As such, FG1 plots 
received lower levels of disturbance early in the growing season. This likely contributed 
to the lower species richness observed the Drought x FG1 treatment as H. mollis 
continued to dominate and there was little opportunity for other species to establish.  
However, species richness in each treatment should also be viewed in light of the 
potential species pool for each functional group or combination of functional groups (FG1 
= 23, FG2 = 6, FG3 = 28; Fry et al., 2013). This suggests a theoretical maximum of 57 
species in a plot with all three functional groups present.  Though that would not be 
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expected due to competition, small plot size, and timing of assessment which would 
exclude some early season annuals, it still shows a remarkably low species richness 
across the experiment (average of 4-5 species per plot), and particularly in treatments 
containing FG1 and FG3, where the species pool is much larger. 
 
In terms of plant cover, it is unsurprising that grass cover was lower when FG3 was 
present compared to other groups as this group contains primarily small annuals rather 
than grasses.  This also led to lower overall cover where this group was present in 2013.  
That this difference in total cover was not apparent in 2012 is likely due to the very high 
productivity that year, associated with the abnormally wet spring and summer, where 
precipitation levels in the drought treatment were more similar to average summer 
rainfall while the ambient treatment was wetter than usual.  Work by Van den Berge et 
al. (2014) showed that plant-plant interactions are important for determining biomass 
response to drought, and that Plantago lanceolata had a negative effect on the biomass 
of its neighbours where Lolium perene did not.  Under the trait classification system 
developed by Fry et al. (2014), P. lanceolate falls within FG3 and L. perene is in FG2, so 
neighbour effects of species with similar traits to P. lanceolate could be linked to the 
reduced cover observed in FG3 under drought conditions. 
 
FG1, which is primarily composed of perennials, was associated with a number of 
processes linked to slower nutrient cycling, such as higher C/N ratio and increased fungi 
abundance, independent of the drought treatment.  The impact of FG2 on ecosystem 
responses was much more apparent in this study than in previous work (Fry et al, 2013), 
supporting hypothesis 4.  In 2013, FG2 was associated with significant changes in carbon 
and nitrogen cycling and storage, revealing a more important role than suggested by 
earlier results.  This group was not well established during the first years of the 
experiment (Fry et al., 2013), so effects on ecosystem processes were not apparent.  As 
55 
it became more firmly established, it likely provided new niches for soil biota and 
increased inputs to the soil, and thereby increased its influence on ecosystem processes.   
 
2.5.3 Functional group determination of responses to drought 
 
A number of ecosystem responses to drought were influenced by the identity of the plant 
functional groups which were present, supporting hypothesis 2. For example, root 
biomass was not independently significantly influenced by drought, but was greater in 
the presence of FG1 or FG3 under drought conditions. These two groups generally have 
lower belowground biomass than FG2 (Fry et al. 2014), so are more likely to require 
greater belowground investment under drought conditions compared to FG2. 
 
Functional group identity also played a large role in soil carbon and nitrogen dynamics.  
The lower extractable nitrogen levels under drought when FG1 and FG3 were present is 
likely linked to the groups’ higher leaf nitrogen content as the plants absorbed a higher 
proportion of the available nitrogen compared to FG2. Conversely, the lower total carbon 
and nitrogen concentrations under drought when FG2 was present suggests that either 
plant inputs were reduced or microbial activity was increased (or both) compared to 
other FGs, however the results from this study do not offer a clear explanation.   
Differential uptake of carbon by functional groups has been shown in a peatland system, 
and supports the idea that functional identity is important in determining ecosystem 
processes (Ward et al. 2009). 
 
Plant functional trait diversity also influenced a number of ecosystem processes, 
supporting my third hypothesis. In particular, higher plant cover and lower extractable 
ammonium under drought when more functional groups were present suggests a degree 
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of complementarity which helps to moderate the impacts of the drought (Dı́az and 
Cabido 2001).   
 
2.5.4 Conclusion 
 
Changing precipitation regimes and plant functional traits play important and interacting 
roles in determining ecosystem properties above- and below-ground. Both trait group 
identity and diversity affect ecosystem responses to drought. The results from this study 
also suggest that in systems adapted to periods of low soil moisture, plant functional 
traits may play a stronger role than drought in determining many ecosystem properties.  
This work emphasises the importance of accounting for plant traits rather than just 
productivity or species richness when assessing ecosystem responses to environmental 
change. 
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Chapter 3: Effects of extreme rainfall change on aboveground-belowground 
linkages and ecosystem functioning 
 
3.1 Abstract 
 
It is expected that as climate change progresses there will be an increase in the number 
and intensity of extreme weather events.  For England, this may include changes in 
timing and intensity of rainfall events which could have important implications for natural 
systems.  Here we use a grassland study system to assess the effects of a prolonged 
spring and summer drought and a highly variable summer drought/downpour regime on 
ecosystem functioning above- and below-ground.  After four years, early summer 
measurements showed little difference between the rainfall change treatments and 
ambient.  In contrast, measurements from the end of the growing season showed clear 
differences in the plant communities, soil communities, and ecosystem properties 
between the treatments.  In particular, CO2 flux was greatly reduced in rainfall change 
treatments compared to ambient. Net ecosystem CO2 exchange transitioned to positive 
in the highly variable treatment, signifying net loss of CO2 from the ecosystem at that 
time.  These season-specific findings were repeated in the fifth year.  Despite indications 
of recovery and resilience following altered rainfall regimes observed in early growing 
season measurements, subtle community changes and recurrence of the CO2 flux 
sensitivity to treatments at the end of the fifth growing season indicate potential 
implications for biodiversity and carbon cycling in the long term. 
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3.2 Introduction 
 
As the climate changes an increase in extreme weather events is expected, including 
heatwaves, extreme rainfall events and drought.  While most models agree on this, 
predicting drought extent is particularly difficult due to regional variations (Planton et al. 
2008).  In the UK, decreases in summer precipitation and increases in winter 
precipitation are expected, but predicting the timing, length and severity of droughts or 
other extreme events is not possible (Murphy et al. 2010).  Given the potential for 
extreme events to impact ecosystem functioning and feedback to climate change, it is 
essential that we understand the effects of a wide range of plausible scenarios (Heimann 
and Reichstein 2008). 
 
While many studies have looked at the effects of drought on ecosystem functioning, 
most only consider a single drought scenario, which may include complete or partial 
rainfall exclusion for varying lengths of time (Pfisterer & Schmid, 2002; Santonja et al. 
2015; Vogel et al. 2013).  There have been calls to examine the effects of more extreme 
events, however, determining what counts as ‘extreme’ can also be difficult to define 
(Smith 2011a; Smith 2011b). 
 
With this in mind, the DIRECT experiment explores the effects of two extreme drought 
scenarios on ecosystem functioning in a mesic grassland site in south-east England. One 
treatment was an extended partial rainfall exclusion, combining spring/summer drought 
with winter additions.  The other was a variable drought consisting of near-complete 
summer rainfall exclusion but with the potential for extreme downpour events when 
ambient rainfall was high, and also incorporating winter precipitation additions.  These 
treatments were contrasted against an ambient rainfall control.  This experiment began 
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in 2009 and in the first two years revealed reduced nutrient turnover in the extended 
drought treatment, and reduced plant diversity and cover in the variable drought 
treatment (Fry et al. 2014).   
 
Here I present the results from years four and five of the experiment, during which I 
measured an expanded range of above- and below-ground properties. This included 
assessing the plant community, soil microbial community, soil carbon and nutrient levels, 
and CO2 flux.  Based on the results from years one and two, I formulated three 
hypotheses:  
1) Rainfall change treatments would result in changes to the plant community, 
including lower species richness, as consecutive years of reduced growing-season 
water availability intensify the trend first observed by Fry et al. (2013). 
2) CO2 flux would be lower in rainfall change treatments compared to ambient, with 
the magnitude of difference between treatments dependent on soil moisture. 
3) Changes in soil moisture and nutrients associated with rainfall change treatments 
would result in changes to the structure of the soil microbial community, as 
measured by m-TRFLP and qPCR. 
 
3.3 Methods 
 
3.3.1 Study site and treatments 
 
The study was conducted at the DIRECT study site at Silwood Park, Berkshire, UK as 
described by Fry et al. (2013). Rainfall treatments were based on extremes of 
predictions projected for this region at the end of the century (Murphy et al. 2010).  Two 
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extreme precipitation change treatments plus an ambient precipitation control were 
instituted in autumn 2008 and maintained through September 2013.  In both change 
treatments, winter rainfall (December, January and February) was increased by 15% 
using rainwater collected beside the plots.  All plots were covered with transparent 
plastic roofs from March to August each year.  Ambient control plots had roofs with holes 
to allow all rainwater to flow through while maintaining a similar microclimate, while 
precipitation change treatment roofs were solid and all rainfall was collected in cisterns 
beside the plots.  In the extended drought treatment, we aimed to reduce rainfall by 
approximately 30% during the spring and summer each year (March-August), while 
maintaining natural extreme rainfall events.  All rainfall was collected during each rainfall 
event.  For rainfall events <20 mm in 24 h, 50% of rainwater was reapplied using a 
watering can.  For rainfall events >20 mm in 24 h, 100% of rainfall was reapplied.  In 
the highly variable (‘variable’ in figures) treatment, we aimed to mimic a drought/flood 
dynamic.  This incorporated a full drought followed by incidents of flash flooding between 
June and August each year.  This was done by collecting and storing all rainfall from 
normal rainfall events (<20 mm in 24 h), and reapplying all stored rainfall only after 
natural extreme rainfall events (>20 mm in 24 h).   
 
3.3.2 Field and laboratory measurements 
 
Natural rainfall was monitored hourly using a weather station based at Silwood Park. 
Measurements of all variable were taken in September 2012 and September 2013.  
Extractable nutrients, soil microbial community, and carbon flux were also sampled at in 
June and July 2012.  Sampling and analysis methods are outlined below and are 
consistent with previous work on the DIRECT site by Fry et al. (2013).  Soil moisture was 
measured each time carbon flux was measured and at least monthly from July 2012 to 
August 2013.  It was measured using a theta probe attached to a soil moisture meter.  
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Four readings per plot were taken at each sampling period, one from each quadrat of the 
plot, at least 30 cm from the edge of the plot.  The mean of these readings was used for 
analysis. 
Vegetation surveys were conducted in June, July and September 2012 and September 
2013 using a 1 m2 quadrat placed in the centre of the plots, and percentage plant cover 
was estimated for each species present. Total cover of >100% reflects layering of plants. 
In September 2013, aboveground and belowground biomass were also collected.  For 
aboveground biomass, all vegetation was collected from two 50 cm x 50 cm quadrats 
from the central 1 m2 of each plot. Vegetation was separated by species and dried at 
80oC to constant weight for aboveground biomass calculation.  Belowground biomass 
was collected using four 6 cm diameter soil cores per plot, divided into 0-5 cm, 5-10 cm, 
and 10-20 cm depths.  Cores were sieved to 2 mm and all roots were collected, washed 
to remove soil, and dried at 800C until constant weight.  
 
Ecosystem respiration (Reco), net ecosystem exchange (NEE) and evapotranspiration (ET) 
were measured in early June, mid-July, and early September 2012 and September 2013 
using a Ciras-1 Infra-Red Gas Analyser with a clear Perspex cuvette (299 cm2 area, 8958 
cm3 volume (Ellen L. Fry et al. 2013)).  Each plot contains a permanent collar inserted 5 
cm into the soil and the cuvette was placed over this to create a seal.  Net ecosystem 
CO2 exchange (NEE) measurements were taken over two minute periods in full sunlight 
between 10 am and 5 pm.  For ecosystem respiration (Reco) measurements, the cuvette 
was covered by an opaque, reflective sheet, allowed to equilibrate for one minute, and 
then measured in the same way as NEE.  Soil moisture, photosynthetically active 
radiation and soil temperature were measured at the same time for inclusion as 
covariates in statistical analysis.  
 
Four 2.5 cm diameter, 10 cm deep soil cores were collected from each plot in June, July 
and September 2012 and September 2013.  The cores for each plot were combined, 
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homogenised and sieved to 2 mm.  A 20 g sample from this was immediately frozen for 
microbial community analysis. Remaining soil was stored at 4oC until use within 3 days.  
From this, 20 g was weighed, oven dried at 80oC for 24 h, and then re-weighed to 
determine water content.  A portion of this dried soil was then milled for 2 min at 
250 rpm using a ball mill and used to determine soil total carbon, nitrogen and 
phosphate, as described below.  30 g fresh soil was used to determine soil extractable 
nutrient concentrations.   
 
Plant available nitrogen (NH4
+ and NO3
-/NO2
-) was extracted using Allen’s (1989) method 
by adding a 1 M KCl extractant to 20 g wet soil and agitating for one hour.  Plant 
available phosphorus (PO4
+) was extracted using Truogs methods  by mixing 10 g soil 
with 150 ml Truogs solution (6 g (NH4)2SO4, 10 ml 0.05M H2SO4, 2 l dH2O) and agitating 
for 30 minutes.  Extracts were filtered through Whatman No. 1 filter paper and frozen at 
-20oC until analysis.  Extracts were defrosted at room temperature and analysed using a 
Skalar SAN++ continuous flow analyser.  Soil moisture content was used to calculate the 
dry weight equivalent for the soil used in the extractions. 
 
250 mg dried, milled soil was used for Kjedhal digestion to determine total soil nitrogen 
and phosphate.  One selenium tablet and 3 ml 98% sulphuric acid were added to the 
samples.  Samples were digested for 30 minutes at 250oC, then at 400oC for two hours 
using a Gerhardt Kjeldatherm KB40S digestion block.  The block was cooled before each 
sample was diluted with approximately 15 ml dH2O and mixed. Samples were filtered 
into 25 ml volumetric flasks, diluted to volume, and stored at 4oC until analysis.  Digests 
were further diluted (150 µl digest in 285 µl dH2O) and analysed using a Skalar SAN++ 
continuous flow analyser.    
 
For September 2012 and 2013 only, total carbon was determined by combustion analysis 
by Forest Research (Alice Holt, Surrey). 15-20 mg dried, milled soil was weighed into tin 
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cups for analysis and exact weight (to 0.001 mg) was recorded.  Carbon content was 
measured using a CNS total combustion analyser, calibrated using aspartic acid 
standards.  This method also provided total nitrogen content which confirmed results 
from the Kjedhal digestion. 
 
Decomposition rates were assessed using samples of the dominant species, Holcus 
mollis, which were collected in early March 2012 and dried to constant weight at 70oC.  
Samples were cut into approximately 2 cm lengths and 2.00 g was placed into mesh 
litter bags with a 1 mm aperture.  Three litter bags were placed in each plot in March 
2012.  One bag from each plot was collected in September 2012 and March 2013.  After 
collection, litter remaining in the bags was dried at 70oC to constant weight and weighed 
to determine percentage mass loss.   
 
Microbial community analysis was conducted as describe in Chapter 2.  In brief, frozen 
soils were defrosted and total nucleic acids were extracted using MoBio PowerMax DNA 
Extraction Kit (MoBio Laboratories, Carlsbad, CA, USA) following the manufacturer’s 
instructions, then stored at -70oC until analysis. DNA content of extracts was quantified 
by nanodrop. Multiplex terminal restriction fragment length polymorphism (M-TRFLP) 
was used to assess soil microbial community structure as described by Singh et al. 
(2006), using bacterial primers 63F and 1087R and fungal primers ITS 1F and ITS4. 
qPCR was conducted to assess relative bacterial and fungal abundance  using bacterial 
primers Eub338 and Eub518, and fungal primers 5.8S and ITS 1F (Fierer et al. 2005). 
For the September 2012 sampling period only, soil microbial basal respiration of field 
fresh soil was determined using MicroResp plates (James Hutton Institute, Aberdeen, 
Scotland).  For 2013 samples, soil activity was determined by ATP quantification using 
BacTiter-Glo Microbial Cell Viability Assay (Promega Corporation). 
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3.3.3 Statistical analysis 
 
Univariate data were analysed using the lme function of the nlme package in R (Pinheiro 
et al. 2015).  Climate treatment was included as a fixed effect and block was included as 
a random effect in all maximal models.  Soil moisture, soil temperature and PAR were 
included as additional fixed effects in maximal models of CO2 flux.  Where there was 
more than one measurement per plot, plot was included as a random effect nested 
within block.  Random effects were maintained in all models, but non-significant fixed 
effects were removed using model simplification based on Akaike’s Information Criterion 
(AIC) as described by Crawley (2007). Minimal models were then refitted using REML to 
obtain t-statistics and p-values.  Multivariate data were analysed using the anosim 
function of the vegan package in R with 999 permutation and block included as strata. 
Effects were considered significant at p=0.05, however due to the risk of type II error 
with low replication rates, all results with p<0.1 are reported as in Lee et al (2014). 
 
3.4 Results 
 
3.4.1 Soil moisture 
 
Soil moisture in the extended drought treatment was significantly lower than ambient 
from July through September 2012 (p<0.05).  Soil moisture in the variable extremes 
treatment dropped quickly in summer 2012 after the only downpour event in the 
treatment in either summer.  Soil moisture was significantly lower than ambient in the 
variable treatment throughout the period June-November 2012 (p=0.022).  In 2013, the 
effect of the extended drought on soil moisture was less pronounced, but still clearly 
significant in the variable treatment throughout the summer months (p<0.05). 
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Figure 3.1: Soil moisture by treatment, June-October 2013. Error bars are SEM (n=4). 
Light grey region indicates the summer variable precipitation period. Dark grey region 
indicates winter precipitation addition period. Spring/summer extended drought period 
began immediately after the end of the winter addition period and continued throughout 
the summer period.  All climate treatments received ambient precipitation September-
November.  The arrow indicates the only ambient rainfall event large enough to result in 
a downpour for the variable treatment during the study period.  
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3.4.2 Vegetation composition 
 
Total vegetation cover was not significantly different between climate treatments in 
2012.  However, grass cover was higher in climate change treatments compared to 
ambient (extended drought p=0.053, variable extremes p=0.025).  Forb cover was 
significantly lower in climate change treatments (extended drought p=0.027, variable 
extremes p=0.005, Fig 3.2).  Species richness was not significantly different between 
climate treatments in 2012 (p>0.1). 
 
In 2013 the variable extremes treatment had higher aboveground biomass than 
ambient, which was due to much greater grass biomass (p=0.020).  This also resulted in 
a marginally lower species richness in the variable extremes treatment (p=0.070) due to 
dominance of grasses, particularly Holcus mollis.  There was no difference in total 
belowground biomass between the treatments.  
 
 
  
Figure 3.2: (a) Vegetation cover, September 2012, and (b) vegetation aboveground 
biomass, September 2013.  Each climate treatment is separated into bars for forbs (light 
grey) and grasses (dark grey). Error bars are ±SEM. * indicates difference from ambient 
at p<0.05. 
(a)          (b) 
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3.4.3 Litter decomposition 
 
Climate change treatments showed significantly greater mass loss over the six month 
period from March to September 2012 compared to ambient (extended drought 
p=0.004, variable p=0.017, Fig 3.3).  However, the difference in mass loss between 
treatments over the 12 month period from March 2012 to March 2013 was not 
significant, p>0.1. 
 
 
Figure 3.3: Litter decomposition in the field measured as percentage mass loss ±SEM for 
(a) March 2012 – September 2012 and (b) March 2012- March 2013. * indicates 
difference from ambient at p<0.05. 
 
 
(a)                   (b) 
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CO2 Flux 
 
In both 2012 and 2013, ecosystem respiration showed little response to the treatments 
early in the summer, but was significantly affected by mid to late summer (July-
September). There was a trend for lower respiration in the variable extremes treatment 
from July through September which was particularly evident in September 2012 
(p=0.032, Fig. 3.4).  Ecosystem respiration was lower in both the variable and the 
extended drought treatments compared to ambient in September 2013 (p=0.018 for 
extended drought, p=0.013 for variable).     
 
 
Figure 3.4: Ecosystem respiration by climate treatment in (a) September 2012 and (b) 
September 2013. * indicates difference from ambient at p<0.05. 
 
By late summer net ecosystem CO2 exchange was significantly different in the variable 
treatment compared to ambient in both 2012 and 2013, with mean values which were 
both smaller in magnitude and positive both years (p=0.011, Fig 3.5). This indicates a 
loss of CO2 from the system during the measurements. 
 
(a)                   (b) 
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Figure 3.5: Net Ecosystem CO2 Exchange ± SEM in (a) September 2012 and (b) 
September 2013. Negative values indicate net CO2 uptake (photosynthesis is greater 
than respiration). Positive values indicate net CO2 release. * indicates difference from 
ambient at p<0.05. 
 
Photosynthesis is derived from the difference between net ecosystem CO2 exchange and 
ecosystem respiration.  In September 2012, the variable treatment also showed 
significantly lower photosynthesis compared to ambient (p=0.005).  Together this 
amounts to a mean reduction in ecosystem respiration of 42% compared to ambient, but 
a 73% reduction in photosynthesis in September 2012.   
 
Soil Nutrients 
 
Soil nutrient levels were assessed three times during 2012 – in June, July and 
September, and again in September 2013.  There was no difference in total N or total P 
between climate treatments.  Extractable nitrate was not significantly different in June or 
September 2012 or September 2013, but was significantly higher in the variable 
extremes treatment compared to ambient in July 2012 (p=0.025).  Extractable 
ammonium levels were only approximately a third as high in both climate change 
(a)                   (b) 
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treatments compared to ambient in July 2012 (p<0.01) and approximately half as high 
as ambient September 2012 (p<0.05).  This is a change from the beginning of the 
summer treatment period (early June) when there was no difference between ambient 
and variable treatments, but ammonium was higher in the extended drought treatment 
(p=0.025, Fig. 3.6).   
 
   
Figure 3.6: Extractable ammonium concentrations ± SEM by climate treatment 
throughout the summer 2012. * indicates difference from ambient, p<0.05. 
 
Extractable phosphate was significantly higher in both climate change treatments in June 
2012 compared to ambient (p<0.05), but this effect diminished over the summer, and 
there was no significant difference in extractable phosphate between treatments in 
September 2012 (Fig. 3.7) or September 2013.  
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Figure 3.7: Extractable phosphate concentrations ± SEM by climate treatment 
throughout summer 2012.  * indicates difference from ambient at that time point, 
p<0.05. 
 
There was no difference in soil C:N ratios between treatments in 2012 or 2013, but total 
soil C was marginally higher in the extended drought treatment in September 2012.  
This result was not replicated in 2013.  There was no difference in total soil P. 
 
Soil microbial community 
 
TRFLP data showed statistically significant differences in the soil bacterial and fungal 
communities between climate treatments, though the effect size was quite small 
(R=0.04, p=0.004 for bacteria, R= 0.06, p=0.001 for fungi).   Both communities were 
also found to differ significantly between sampling dates (p=0.001 for both, Fig. 3.8). 
qPCR of soil DNA from early and late summer 2012 and 2013 showed no significant 
differences in bacteria copy numbers or fungal copy numbers between climate 
treatments; however, it did reveal a seasonal reduction of 3% in bacteria copy numbers 
(p=0.070)  and 4% in fungal copy numbers (p<0.001) between early summer (June) 
and late summer (Aug/Sep).   There was no difference in laboratory measurements of 
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soil microbial respiration between climate treatments in September 2012 or in soil ATP in 
August 2013.  
 
 
Figure 3.8  NMDS of (a) bacteria and (b) fungi community.  Community level differences 
between dates obscure smaller differences between climate treatments. 
 
3.5 Discussion 
 
This grassland system shows resilience to the type of precipitation changes predicted for 
the UK by the end of the century.  Early summer measurements showed little difference 
between the climate change treatments and ambient treatment even after 4 years of 
manipulation. With sandy soils and low soil moisture observed even in the ambient 
treatments at some dates, this grassland system has likely adapted to mild droughts.  
Previous studies have shown that recurrent mild drought events increase resistance to 
extreme drought stress (Backhaus et al. 2014).  The biotic legacy of previous mild 
droughts may also support recovery from more severe drought stress. 
 
Despite this longer term resilience, subtle shifts in the plant communities and late 
summer changes in ecosystem processes do indicate a level of sensitivity that requires 
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further scrutiny.  Under very extreme summer drought conditions, such as those 
experienced by the variable extremes treatment in 2012 and 2013, an increase in grass 
dominance and severe suppression of photosynthesis by the end of the summer does 
indicate potential for changes which could impact biodiversity and carbon cycling in 
important ways. 
 
Although large changes in aboveground and belowground plant biomass or plant species 
richness were not observed, the shift towards stronger grass dominance under the 
climate change treatments does indicate real change in plant community structure, and 
supports my first hypothesis.  This change is likely to have knock-on effects for 
biodiversity and functioning.  The marginally lower plant species richness observed in the 
variable treatment in both 2012 and 2013 was first observed by Fry (2011) in 
September 2010.  This indicates that though it is not a substantial difference, it has 
persisted over time. 
 
The changes in CO2 flux which were observed support my second hypothesis and could 
result in important changes in carbon cycling.  The severe suppression of photosynthesis 
despite similar levels of plant cover and biomass in the variable treatment suggest that 
these levels of drought seriously inhibit plant physiological activity late in the growing 
season.  There was no difference between the ambient and the extended drought 
treatments in photosynthesis, despite changes in the plant community and soil nutrients.  
This is likely because soil moisture levels remained higher in these treatments compared 
to the variable treatment.  Though soil moisture was still lower in the extended drought 
treatment compared to ambient, the greater grass cover in the extended drought 
treatment may have compensated for any loss in physiological activity due to reduced 
soil moisture.  This is supported by the findings of Fay et al. (2002), who found that 
74 
photosynthesis in a grass species was more stable than that of a forb species under 
drought conditions.  
 
As well as lower photosynthesis, the variable rainfall treatment exhibited significantly 
lower ecosystem respiration rates compared to ambient, indicating a substantial 
reduction in heterotrophic as well as plant physiological activity.  This is also reflected in 
the net ecosystem exchange measurements.  The net ecosystem exchange rate was 
smaller in magnitude in the variable treatment, and was positive, signifying that 
ecosystem respiration outweighed photosynthesis and that CO2 was being lost from the 
system on the days these measurements were taken.  Physiological activity was reduced 
across the ecosystem, but heterotrophic respiration was still occurring at levels high 
enough to cause a positive net ecosystem exchange.  If this trend were to continue, it 
could result in the system switching from a net carbon sink to a net carbon source, as 
some models predict under severe climate change projections (Sitch et al., 2008).  This 
is very different from earlier results in this experiment, which showed no effect of the 
rainfall treatments on net ecosystem exchange, and an increase in respiration under the 
rainfall change treatments toward the end of the growing season (Fry et al. 2014). 
 
Belowground, there were changes in extractable nutrient levels under drought and 
variable rainfall treatments.  The phosphate concentrations were higher in both the 
extended drought and variable treatments. Phosphate may be a limiting or co-limiting 
nutrient for plant growth in this system (see Chapter 4), so higher levels of extractable 
phosphate most likely indicate that the plants are less physiologically active under these 
regimes so are absorbing less.  Extractable ammonium levels show the opposite trend, 
with lower levels in the extreme and variable treatments compared to ambient.  This 
could be due to a slowing of the ammonification of organic nitrogen sources, which could 
be due to changes in the soil microbial community.   
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Litter decomposition is dependent on litter quality and decomposer activity.  Results from 
the six month litter incubation show that decomposition over that time was greater in 
the extreme and variable treatments compared to ambient.  This is contrary to 
expectations from the CO2 flux data indicating that processes were slower in these 
treatments, and to results from other drought experiments (Santonja et al. 2015).  This 
could be an effect of the sample timing.  The other measures were from discrete points 
which may not have represented what happened over the entire period that the litter 
bags were in the field, or it could be down to differences in the actual mechanism of the 
processes.  The CO2 flux is primarily driven by plant and microbial communities where 
litter decomposition is strongly dependent on invertebrates (Hättenschwiler, Tiunov, and 
Scheu 2005).  Previous work on this experiment has shown that some invertebrates 
important for decomposition are found in higher densities in the extended drought 
treatments compared to ambient (De Palma 2011), suggesting that the increased 
decomposition in the first six months in the drought treatments is due to differences in 
the invertebrate community.    
 
The small but measurable differences in bacterial and fungal community structure 
between climate treatments links with the changes observed in other properties to 
suggest effects of the treatments on the ecosystem and support my third hypothesis that 
structure of the microbial community would change under the rainfall change 
treatments. The difference in community structure observed between early and late 
summer, however, indicate a degree of flexibility in the communities which suggests that 
changes in community structure are likely to be reversible.  Other studies have indicated 
that soil microbial communities only undergo broad changes when experiencing 
temperature or moisture extremes outside what the community has experienced 
previously, but then the changes can occur within months (Waldrop and Firestone 
2006a).  
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Overall the changes observed both above- and below-ground show that after four years 
of recurrence, this system is not resistant to either of the extreme rainfall change 
treatments instigated here, but responses are not equivalent in both cases.  Community 
structure changes in the plant and soil communities, coupled with the switch to positive 
net ecosystem exchange show that this system responded strongly to the level of 
drought experienced in the variable treatment in 2012 and 2013.  The extended drought 
treatment revealed similar trends to those observed under the variable treatment, but 
these were less severe, particularly in terms of changes to net ecosystem exchange, 
which remained negative.  That the system was more resistant to change under this 
scenario suggests there is a threshold in soil moisture beyond which the plants and 
heterotrophic communities struggle to cope.  Further research should focus on 
understanding such tipping points in natural systems. 
 
The results from early summer 2012 show that the system had recovered from most of 
the effects from the previous years’ treatments and suggest a high level of resilience.  
The shift to a more grass-dominated plant community in both rainfall change treatments 
and lower species richness in the variable treatment, which persisted throughout 2012 
and 2013, indicate more lasting change, and may herald a weakening of the resilience of 
this system which would could only be confirmed by a longer study.  If the future climate 
consists of more frequent severe droughts, temperate grassland systems may struggle 
to maintain biodiversity and carbon storage, which could have serious implications for 
terrestrial climate feedbacks. 
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Chapter 4: Nitrogen addition moderates negative effects of drought in a 
grassland system 
 
4.1 Abstract 
 
Grasslands are the dominant ecosystem in many parts of the world and play a vital role 
in carbon storage and biodiversity maintenance. The influence of multiple global change 
drivers on ecosystem functioning over time in these habitats is still poorly understood.  
Over a four year period, a mesotrophic grassland in southeast England was exposed to 
increased nitrogen deposition (40 kg ha-1 yr-1) and altered rainfall treatments (+15% 
winter rainfall, -30% summer rainfall) in line with levels predicted for this region by the 
end of the century (Murphy et al. 2010). At the end of the fourth summer, the summer 
drought treatment resulted in significant reductions in net ecosystem CO2 exchange, 
photosynthesis, and respiration (p<0.05), as well as minor changes in the plant 
community. Direct effects of nitrogen addition were limited to reduced legume cover 
(p=0.02) and changes in the soil fungal community. However, there were significant 
interactions between the drought and nitrogen treatments, indicating that nitrogen 
addition reduced the negative effects of summer drought on CO2 flux.  This highlights 
the importance of interactions between global change drivers in determining ecosystem 
responses and longer term implications. 
 
4.2 Introduction 
 
Globally, ecosystems are under increasing pressure from multiple change drivers 
including climate change, pollution, and land use change.  While many studies have 
focussed on individual drivers of change, there is still a lack of understanding of the 
implications for ecosystems of multiple drivers interacting over time.  
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Nitrogen deposition has been shown to affect ecological communities in a variety of 
ways, often varying depending on other factors such as soil nutrient and water levels.  
For plant communities, effects of nitrogen addition often depend on changing nitrogen 
availability, nitrogen accumulation favouring nitrophilic species, or soil acidification which 
can alter availability of micronutrients and release toxic metals. This can result in 
reduced species diversity and increased susceptibility to other stressors, including 
drought (Bobbink et al., 2010; Bobbink et al. 1998).  The effects of nitrogen deposition 
often depend on water availability, with increased rainfall resulting in greater responses 
to nitrogen addition (Harpole et al. 2007; Lee et al. 2010). In some cases, the impact of 
water and nitrogen can vastly outweigh the effects of other change drivers such as 
warming and increased atmospheric CO2 concentration on plant communities (Dukes et 
al. 2005). 
 
Nitrogen and water are also key drivers of belowground communities and processes, but 
the direction of change can be difficult to predict.  Nitrogen fertilisation has been shown 
both to increase soil microbial activity (Tiemann and Billings 2011) and to reduce it 
(Ramirez, Craine, and Fierer 2012).  The difference is likely down to interactions with 
plants and other factors which determine availability of key resources such as labile 
carbon.  In addition, both drought and nitrogen addition have been shown to change soil 
microbial community structure. Ramirez et al (2012) found changes in the microbial 
community with nitrogen addition which made it less able to process more recalcitrant 
carbon sources.  Meanwhile, long-term changes in water availability have been found to 
cause lasting changes in population sizes of soil biota, with the effects of change 
intensifying over time (Blankinship, Niklaus, and Hungate 2011).  It has also been found 
that elements of the soil biota react differently to change, with fungal communities more 
resistant to drought and seasonal rainfall variation than bacterial communities (Hawkes 
et al. 2011, Yuste et al. 2011) 
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In this study, we examine the effects of changing rainfall regimes in conjunction with 
increasing inorganic nitrogen deposition on a grassland ecosystem after four years of 
treatment. We used part of the DIRECT grassland study system at Imperial College 
London’s Silwood Park Campus which had been exposed to summer drought and 
nitrogen addition in a fully factorial design for four years.  Previous work on this study 
system found that the plant community was resistant to increased nitrogen deposition 
for the first three years and to summer drought for the first two years, before observing 
a decline in aboveground biomass and decrease in the grass:forb ratio in year three (Lee 
et al., 2014). Here we assess the plant community, soil microbial community, soil C, N 
and P concentrations and CO2 flux during the fourth year of the treatments. 
 
We hypothesized that plant productivity would be lower under drought conditions 
compared to ambient, as observed in previous years, and that continued high levels of 
nitrogen addition would result in increased grass dominance.  We also hypothesised that 
interactions between drought and nitrogen treatments would result in an offsetting of 
effects: increased grass dominance and aboveground growth from nitrogen addition 
would counteract the lower productivity due to drought.  Similar effects were expected 
with CO2 flux, with lower flux expected in drought plots due to decreased physiological 
activity, higher flux in nitrogen addition treatments due to stimulated physiological 
activity, and intermediate effects when treatments were applied in combination.   
 
The soil microbial community has not been studied previously, but we anticipated that 
nitrogen addition would promote a more bacteria-dominated system, drought would 
promote fungi over bacteria, and in combination the treatments would result in an 
intermediate mix of bacteria and fungi.  Using this system with its crossed treatments 
also allows for assessment of the relative importance of rainfall change and nitrogen 
addition at levels which are reasonable to expect in 21st century England. 
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4.3 Methods 
 
4.3.1 Study site and treatments 
 
The study was conducted at the DIRECT study site at Silwood Park, Berkshire, UK as 
described by Lee et al. (2014). Rainfall treatments were based on predictions for this 
region at the end of the 21st century (Murphy et al. 2010).  Winter rainfall (December, 
January, and February) was increased by 15% using rainwater collected beside the plots.  
In summer (June, July, and August) rainfall was reduced by covering plots with 
transparent plastic roofs.  For drought plots, all rainfall intercepted by the roofs was 
collected in cisterns beside the plots.  For rainfall events <20 mm in 24 h, 50% of 
rainwater was reapplied using a watering can.  For rainfall events >20 mm in 24 h, 
100% of rainfall was reapplied.  In doing this we aimed to reduce summer rainfall by 
approximately 30% while maintaining natural extreme rainfall events.  Ambient control 
plots had roofs with holes to allow all rainwater to flow through while maintaining a 
similar microclimate.   
 
Nitrogen addition treatments are similar to upper-end of nitrogen deposition rates in 
European non-forest ecosystems in 2000 (Dentener et al. 2006).   Ambient nitrogen 
deposition was estimated at 18 kg ha-1 yr-1 (RoTAP 2011).  The nitrogen addition 
treatment received an additional 40 kg ha-1 yr-1, as ammonium nitrate dissolved in 5 L 
rainwater (7 mMol concentration) applied twice per month.  Nitrogen controls 
concurrently received 5 L rainwater twice per month with no added nitrogen. 
Ambient rainfall was monitored hourly using a weather station based at Silwood Park. 
Measurements of all variable were taken in September 2012. Some variables, e.g., 
extractable nutrients and carbon flux, were sampled at additional time points throughout 
the summer period.  Sampling and analysis methods are outlined below and are 
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consistent with previous work on the DIRECT site by Fry et al. (2013) and that described 
in previous chapters. 
 
4.3.2 Field and laboratory measurements 
 
Soil moisture was measured each time carbon flux was measured and weekly from July 
through September 2012.  It was measured using a theta probe attached to a soil 
moisture meter.  Four readings per plot were taken during each sampling period, one 
from each quadrat of the plot, at least 30 cm from the edge of the plot.  The mean of 
these readings was used for analysis. 
 
Vegetation surveys were conducted in June, July and September 2012, and again in June 
2013 using a 1 m2 quadrat placed in the centre of the plots, and percentage plant cover 
was estimated for each species present. Total cover of >100% reflects layering of plants.  
 
Ecosystem respiration (Reco), net ecosystem exchange (NEE) and evapotranspiration (ET) 
were measured in June, July, August and September using a Ciras-1 Infra-Red Gas 
Analyser with a clear Perspex cuvette (299 cm2 area, 8958 cm3 volume (Ellen L. Fry et 
al. 2013).  Each plot contains a permanent collar inserted 5 cm into the soil and the 
cuvette was placed over this to create a seal.  Net ecosystem CO2 exchange (NEE) and 
evapotranspiration (ET) measurements were taken over two minute periods in full 
sunlight between 10am and 5pm.  For ecosystem respiration (Reco) measurements, the 
cuvette was covered by an opaque reflective sheet, allowed to equilibrate for one minute 
and then measured in the same way as NEE.  Soil moisture, photosynthetically active 
radiation and soil temperature were measured at the same time for inclusion in 
statistical analysis.  
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Four 2.5 cm diameter, 10 cm deep soil cores were collected from each plot in June, July 
and September 2013.  For each date, the soil cores for each plot were combined, 
homogenised and sieved to 2 mm.  A 20 g sample was immediately frozen for later 
microbial community analysis. Remaining soil was stored at 4oC until use within 3 days.  
From this, 20 g was weighed, oven dried at 80oC for 24 h, and then re-weighed to 
determine water content.  A portion of this dried soil was then milled for 2 min at 250 
rpm using a ball mill and used to determine soil total carbon, nitrogen and phosphate, as 
described below.  30 g fresh soil was used to determine soil extractable nutrient 
concentrations.   
 
Plant available nitrogen (NH4
+ and NO3
-/NO2
-) was extracted using Allen’s (1989) method 
by adding a 1 M KCl extractant to 20 g wet soil and agitating for one hour.  Plant 
available phosphorus (PO4
+) was extracted using Truogs methods by mixing 10 g soil 
with 150 ml Truogs solution (6 g (NH4)2SO4, 10 ml 0.05M H2SO4, 2 l dH2O) and agitating 
for 30 minutes.  Extracts were filtered through Whatman No. 1 filter paper and frozen at 
-20oC until analysis.  Extracts were defrosted at room temperature and analysed using a 
Skalar SAN++ continuous flow analyser.  Soil moisture content was used to calculate the 
dry weight equivalent for the soil used in the extractions. 
 
250 mg dried, milled soil was used for Kjedhal digestion to determine total soil nitrogen 
and phosphate.  One selenium tablet and 3 ml 98% sulphuric acid were added to the 
samples.  Samples were digested for 30 minutes at 250oC, then at 400oC for two hours 
using a Gerhardt Kjeldatherm KB40S digestion block.  The block was cooled before each 
sample was diluted with approximately 15 ml dH2O and mixed. Samples were filtered 
into 25 ml volumetric flasks, diluted to volume, and stored at 4oC until analysis.  Digests 
were further diluted (150 µl digest in 285 µl dH2O) and analysed using a Skalar SAN++ 
continuous flow analyser.    
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For September 2012 only, total carbon was determined by combustion analysis by Forest 
Research (Alice Holt, Surrey). 15-20 mg dried, milled soil was weighed into tin cups for 
analysis and exact weight (to 0.001 mg) was recorded.  Carbon content was measured 
using a CNS total combustion analyser, calibrated using aspartic acid standards.  This 
method also provided total nitrogen content which confirmed results from the Kjedhal 
digestion. 
 
Decomposition rates were assessed using samples of the dominant species, Holcus 
mollis, which were collected in early March 2012 and dried to constant weight at 70oC.  
Samples were cut into approximately 2 cm lengths and 2.00 g were placed into mesh 
litter bags with a 1 mm aperture.  Two litter bags were placed in each plot in March 
2012.  One bag from each plot was collected in September 2012 and March 2013.  After 
collection, litter remaining in the bags was dried at 70oC to constant weight and weighed 
to determine percentage mass loss.   
 
Microbial community analysis was conducted as described in Chapter 2. In brief, frozen 
soils were defrosted and total nucleic acids were extracted using MoBio PowerMax DNA 
Extraction Kit (MoBio Laboratories, Carlsbad, CA, USA) following the manufacturer’s 
instructions, then stored at -70oC until analysis. DNA content of extracts was quantified 
by nanodrop. Multiplex terminal restriction fragment length polymorphism (M-TRFLP) 
was used to assess soil microbial community structure as described by Singh et al. 
(2006), using bacterial primers 63F and 1087R and fungal primers ITS 1F and ITS4. 
qPCR was conducted to assess relative bacterial and fungal abundance  using bacterial 
primers Eub338 and Eub518, and fungal primer 5.8S and ITS 1F (Fierer et al. 2005). For 
the September 2012 sampling period only, soil microbial basal respiration of field fresh 
soil was determined using MicroResp plates (James Hutton Institute, Aberdeen, 
Scotland). 
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4.3.3 Statistical analysis 
 
Univariate data were analysed using the lme function of the nlme package in R (Pinheiro 
et al. 2015).  Climate treatment and nitrogen treatment were included as fixed effects 
and block was included as a random effect in all maximal models.  Soil moisture, soil 
temperature and PAR were included as additional fixed effects in analysis of CO2 flux.  
Where there was more than one measurement per plot, plot was included as a random 
effect nested within block.  Random effects were maintained in all models, but non-
significant fixed effects were removed using model simplification based on Akaike’s 
Information Criterion (AIC) as described by Crawley (2007). Minimal models were then 
refitted using REML to obtain t-statistics and p-values. Multivariate data were analysed 
using the anosim function of the vegan package in R with 999 permutation and block 
included as strata. NMDS was used to present community structure graphically.  Effects 
were considered significant at p<0.05, however due to the risk of type II error with low 
replication rates, all results with p<0.1 are reported as in Lee et al (2014). 
 
4.4 Results 
 
4.4.1 Rainfall and soil moisture 
 
In the year from December 2011 through November 2012, rainfall at the site totalled 
832.7 mm.  Ambient plots received the full amount, while drought plots received a total 
of 744.5 mm (89%).  This included a 15% increase in rainfall in winter (143.5 mm for 
ambient and 165 mm for drought plots) and a 43% decrease in rainfall in summer 
(255.2mm for ambient and 145.5 mm for drought plots, including one rainfall event >20 
mm in 24 h). For comparison, in the 10 years prior to the beginning of the experiment 
(1998-2007), the mean annual rainfall was 733 ± 43 mm, with a mean of 181 ± 17 mm 
in the winter and 164 ± 19 mm in the summer (Silwood Weather Station, unpub).  
These rainfall treatments resulted in soil moisture levels which were significantly lower in 
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the drought treatment compared to ambient controls from 17 July (p=0.001) through 
the end of September (p=0.050) (Fig 4.1). 
 
Figure 4.1: Mean soil moisture by drought x nitrogen treatment for summer 2012. Error 
bars indicate SEM (n=4). Solid line indicates beginning of summer drought treatment. 
Dashed line indicated end of summer drought treatment and return to ambient 
precipitation for all treatments. Mean soil moisture was significantly lower in drought 
plots from mid-June through September, a lag of more than 2 weeks from the start and 
end of the drought treatment.  
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4.4.2 Vegetation composition 
 
Results from September 2012 reveal some changes in the plant community associated 
with climate and nitrogen treatments.  There was no significant difference in species 
richness between the treatments, however, the interaction between the climate and 
nitrogen treatments had a marginal effect on total vegetation cover (p=0.06).  Total 
cover was not different between climate treatments when no nitrogen was added, but 
total cover was 10% higher under ambient climate compared to drought when nitrogen 
was added (Fig. 4.2).  Cover of leguminous species was significantly lower in plots which 
received nitrogen additions at this time (p=0.02), but there was no significant difference 
in grass cover or cover of non-legume forbs.  Legume suppression was observed again in 
June 2013.  There were no significant climate effects at this time point, but there was 
significantly more grass cover (p=0.03) and significantly less legume cover (p=0.02) in 
plots which received nitrogen additions. 
 
      
Figure 4.2 Total vegetation cover in September 2012 (treatment mean ±SEM).  Nitrogen 
addition increased total cover under ambient rainfall conditions and decreased it under 
drought conditions.   
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4.4.3 CO2 flux 
 
Ecosystem respiration was not significantly different between any of the treatments, 
despite a respiration that was on average 6 µl CO2 m
-2 s-1 lower under drought compared 
to ambient plots when no nitrogen was added (Fig. 4.3a).  Net ecosystem exchange was 
significantly affected by climate treatment in June (p=0.010), and by the interaction 
between the climate and nitrogen treatments in August (p=0.028) and September 
(p=0.019).  Without nitrogen additions, ambient climate plots had more negative net 
ecosystem exchange rate (i.e., were absorbing more CO2) than drought plots.  However, 
nitrogen addition treatments had more moderate net ecosystem exchange rates which 
were not significantly different between climate treatments. For September 2012, this 
resulted in NEE which was 5 µl CO2 m
-2 s-1 smaller under drought compared to ambient 
when no nitrogen was added (Fig. 4.3b). 
 
 
   
Figure 4.3: (a) Ecosystem respiration, (b) Net ecosystem CO2 Exchange ± SEM for 
September 2012.  NEE was significantly lower in the drought treatment compared to 
ambient in the absence of nitrogen, but no difference was observed in the nitrogen 
addition treatments.  
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4.4.4 Soil nutrients 
 
There was no significant difference in total phosphorus between treatments in 
September 2012. Soil carbon and nitrogen levels were on approximately 5% higher on 
average in nitrogen addition treatments compared to control.  This was not statistically 
significant, but suggests that nitrogen addition may result in soil C and N accumulation 
over a longer treatment period.   Soil extractable nitrate, ammonium or phosphate levels 
varied throughout the summer period, with higher ammonium levels in nitrogen addition 
plots (p=0.05), and phosphate levels lower in nitrogen addition (p=0.04) and drought 
(p=0.06) treatments in June 2012. Despite continued trends, there was no significant 
difference in extractable nitrogen or phosphates in September 2012. 
 
4.4.5 Litter decomposition 
 
Litter bags which were incubated in the field for six months from March to September 
2012 showed a significant difference in mass loss between climate treatments.  Mass 
loss was significantly higher in drought plots compared to ambient climate (p=0.01).  
There was no significant effect of nitrogen addition on litter decomposition.  No 
significant difference was observed between any of the treatments in litter bags which 
were in the field for one year from March 2012 to March 2013.  
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4.4.6 Microbial community analysis 
 
Multivariate analysis of TRFLP data showed no significant difference in bacterial 
community structure between any of the treatments for any of the dates assessed.  
There was no difference in the fungal community structure in June 2012, but by 
September 2012, the fungal community structure was slightly differentiated between the 
four climate x nitrogen treatments (R= 0.2, p = 0.02, Fig 4.4).  Fungi/bacteria ratio was 
30% higher under drought compared to ambient conditions when no nitrogen was added 
(p=0.05), but this was not seen in the nitrogen addition treatments (Fig. 4.5).  This was 
the result of a marginal treatment interaction effect on fungi copy numbers (p=0.08) 
and non-significant (p>0.1) increase in bacteria copy numbers with nitrogen addition. 
 
 
Figure 4.4 NMDS of fungi community by climate and nitrogen treatments from June, July 
and September 2012. For this, climate x nitrogen is presented as one 4-level factor, 
rather than two 2-level crossed factors. There is a clear shift in the community between 
June/July and September.  
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Figure 4.5 Fungi/bacteria ratio ±SEM, September 2012. Drought resulted in higher F/B 
ratio than observed under ambient conditions when no nitrogen was added. There was 
no difference in F/B ratio in the nitrogen addition treatments. 
 
Microbial respiration in field fresh soils was around 30% lower in drought plots compared 
to ambient climate (p=0.0077).  There was no effect of nitrogen addition (Fig. 4.6).  
   
Figure 4.6 Soil microbial respiration measured as change in absorbance (±SEM) using 
MicroResp plates in September 2012.  Respiration was lower in drought soils compared 
to ambient regardless of nitrogen treatment. 
 
 
a 
a 
a 
b 
a 
a 
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b 
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 4.5 Discussion 
 
This experiment assessed the effects of combined precipitation change and nitrogen 
addition on a grassland system after four years of manipulation.  We hypothesised that 
after four years, nitrogen effects on the system would become more apparent than they 
were in previous years (Lee et al., 2014).  Despite four years of nitrogen addition at a 
rate of 40 kg ha-1 yr-1, the direct effects of nitrogen treatment on this ecosystem were 
still limited.  The limited effects of nitrogen could be indicative of limitation by another 
nutrient, such as phosphorus (R Bobbink and Lamers 2002). The lack of accumulation of 
nitrogen in soil could be the result of leaching, loss to the atmosphere by volatilisation or 
microbial activity, uptake by plants, or some combination of these.  Previous results from 
Lee et al. (2014) indicate that nitrification and mineralisation of N were increased in N 
addition treatments in the first year of the experiment, but not in years two or three.  If 
this had continued, we would expect to see higher soil N in these plots unless 
counteracted by one of these methods.  Leaching is unlikely during the summer period 
due to low soil moisture levels, particularly in the drought plots, so volatilisation and 
uptake by plants are the most likely.   
 
Despite a lack of nitrogen accumulation in the soil, some effects of the treatment were 
apparent in the plant community.  Legume suppression, as observed here, is a common 
effect of increased nitrogen addition.  Under ambient conditions, nitrogen addition 
appears to promote additional grass cover.  Though this this was not statistically 
significant in September 2012, it was supported by vegetation cover data collected in 
June 2013.  Other studies have shown much greater effects of nitrogen addition on 
grassland communities and species loss than we observed (Stevens et al. 2004; Clark & 
Tilman 2008). 
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We expected that drought effects on the plant community would increase as the 
treatment continued into the fourth year.  While drought alone was not a significant 
driver of plant community differences in September 2012, the interactive effect of 
drought and nitrogen on vegetation cover suggests that under dry conditions plants in 
this system are not able convert extra nitrogen inputs into additional growth, either due 
to hydraulic inability to take up the nitrogen or due to stimulation of soil organisms at 
the expense of plants.  Overall the effects of both the drought and nitrogen addition 
treatments on the plant community were less pronounced than has been observed 
elsewhere (Tilman et al. 2001), but they are not unprecedented.  Van der Hoek et al. 
(2004) similarly found little or no impact of nitrogen on fen and marginal plant 
communities, and suggested that this could be due to limitation by another nutrient.  
 
We also expected that treatment interactions would result in an offsetting of effects on 
ecosystem process rates, with higher rates under nitrogen addition (stimulation) and 
rate lower under drought (suppression). This was expected to result in the highest rates 
in ambient treatment with nitrogen addition, the lowest rates in drought treatment with 
no nitrogen, and treatments with only drought or only nitrogen falling in the middle.  
This would be in line with other studies looking at water and nitrogen effects on carbon 
cycling (Yan et al. 2011).  However, the interaction effects between the drought and 
nitrogen treatments observed in the CO2 flux results revealed a somewhat different 
response.  Drought did indeed reduce CO2 flux as expected, but nitrogen addition did not 
increase it as expected under ambient rainfall conditions.  In this system, nitrogen 
addition appears to reduce net ecosystem exchange under ambient conditions and 
increase it under drought conditions.  It is not immediately clear why nitrogen addition 
would have this moderating effect on CO2 flux.  It could simply be that the nitrogen is 
taken up more readily by different organisms (microbes or plants) depending on the soil 
moisture levels, resulting in different fluxes, or it could be a more direct effect of carbon 
limitation.  For example, Reid et al. (2012) found that nitrogen addition led to an 
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increase in the resistant carbon pool in the soil, while Farrer et al. (2013) observed 
evidence of carbon limitation in a forb species when nitrogen was added.  
 
The drought treatment influenced soil microbial respiration independent of N addition. 
Reduced microbial respiration under the drought treatment reflects the effect of moisture 
limitation on the microbial community.  However, the evidence that this reduction 
persisted even when water was added to the soils suggests that there may have been a 
change in the size or structure of the community, rather than just the activity levels.  
Ramirez et al (2012) found that adding nitrogen decreased microbial respiration and 
microbial biomass.  It also altered the microbial community composition, leading to a 
community which was less capable of decomposing recalcitrant soil C pools, which could 
lead to an increase in soil carbon.  We did not see evidence of this change in our system.  
This could be due to timing of measurement in our system, or simply because the 
drought effect overwhelmed any possible differences due to nitrogen addition.   
 
Despite the decreased microbial activity measured in drought treatment soil, initial litter 
decomposition was significantly higher under drought compared to ambient treatments.  
This increased decomposition with decreased water availability is contrary to 
expectation, but this unanticipated result may be due to particularly wet conditions in 
the spring of 2012 affecting decomposer organisms (discussed in Chapter 2).  This 
difference in mass loss disappeared by March 2013, indicating that it was a transient 
difference likely only affecting the most labile portions of the litter.   
 
Nitrogen addition had no significant effect on litter decomposition in this experiment. 
This is in contrast to many forest studies, including the meta-analysis by van Diepen et 
al. (2015), which shows nitrogen addition reduces litter decomposition by altering litter 
quality.  Different factors could moderate this in a grassland system where the litter is 
less recalcitrant.  Tiemann and Billings (2010) found that nitrogen fertilisation in a mesic 
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grassland indirectly led to increases in microbial activity in the soils due to changes in 
the quality and quantity of plant inputs and the relative limitation of labile C sources with 
increased N availability.  It is possible that changes in microbial activity made up for 
reductions in litter quality.  There was no clear evidence of this from the microbial 
respiration measurements in September 2012. 
 
The increase in fungi/bacteria ratio in the drought treatments without nitrogen addition 
offers support for our final hypothesis that drought would promote a more fungi-
dominated system, nitrogen addition would promote a more bacteria-dominated system, 
and in combination the treatments would result in an intermediate balance of bacteria 
and fungi.  Previous studies have shown the fungi are more resistant to drought and that 
nitrogen addition reduces fungi/bacteria ratio (Hawkes et al. 2011; Farrer et al. 2013).  
 
Overall, the effects of drought and nitrogen addition are not entirely straightforward, 
with a mixture of indicators of reduced ecosystem function, and contradictory interaction 
effects, with no obvious accumulation of N in the soils.  However, the interaction effects 
observed in the CO2 flux measurements and fungi/bacteria ratio suggest that nitrogen 
addition moderates drought effects on these properties.  While this may lead to lower 
carbon accumulation under current ambient precipitation conditions, if stable over time 
increased nitrogen could be important for maintaining carbon accumulation in this 
system by helping to boost net ecosystem CO2 exchange under the reduced summer 
rainfall conditions predicted for the end of the 21st century.  
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Chapter 5: Discussion 
 
5.1 Overview 
 
The aim of this research was to investigate the effects of altered precipitation patterns, 
as anticipated for the end of the 21st century, on ecosystem properties both above- and 
below-ground using a grassland experimental system.  The DIRECT project was 
established in 2008, and experimental treatments were continued through 2013.  By 
concurrently measuring a broad range of above- and below-ground properties during the 
2012 and 2013 growing seasons, I was able to further elucidate the effects of changes in 
annual precipitation patterns, including summer drought.  This was paired with plant 
trait identity and diversity treatments in one experiment, and increased nitrogen 
deposition in another experiment, revealing key interactions which could influence how 
grassland systems respond to climate change.  
 
5.2 Key findings 
 
5.2.1 Effects of rainfall change treatments 
 
All experiments presented here revealed sensitivity of the grassland system to changing 
rainfall patterns. The key changes included an increase in grass dominance and a 
decrease in CO2 flux measurements, which resulted in a positive net ecosystem 
exchange in the variable drought treatment (Chapter 3), reduced carbon and nitrogen 
sink strength (Chapter 4) and changes in the soil microbial communities.   
 
The increase in grass dominance is not something that was observed in earlier work at 
DIRECT, which conversely showed an increase in annuals in the drought treatment (Ellen 
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L. Fry et al. 2013).  A similar response of increases in annuals under drought conditions, 
followed by perennials filling in the gaps and becoming more dominant after the annuals 
died off was recorded in a grassland by Morecroft et al. (2004).  With perennial grasses 
so dominant (around 90% of cover in some cases, Chapter 3), and the accumulation of a 
thick thatch of grass litter as first observed by Fry et al. (2015) , opportunities for 
annuals to re-establish were very limited.  If similar trends were to continue, then 
reductions in species and functional diversity would be inevitable in this system.  Serious 
perturbation, such as fire or very severe drought early in the growing season as seen in 
2012, or management techniques, such as mowing and raking or ploughing, could 
provide openings for reestablishment of annuals.  This would require setback of 
perennials enough to allow for annual seedling germination and survival, as well 
availability in the seed bank or dispersal from adjacent areas (Bakker & Berendse 1999). 
 
The trend for reduced CO2 flux under drought conditions consisted of reductions in both 
respiration and photosynthesis, but with photosynthesis showing greater sensitivity.  In 
the variable treatment (Chapter 3), this was pronounced enough to result in positive net 
ecosystem exchange, meaning that CO2 was being lost from the system.  This could 
have important implications for climate feedbacks.  The results presented here, though 
consistent across two years, do only show snapshots of the CO2 fluxes at specific time 
points towards the end of the growing seasons.  In particular for the transition to 
positive net ecosystem exchange, there is no data to indicate how long the positive 
exchange lasted or if/how much of an effect there was of re-wetting on CO2 flux which 
could have compensated for the earlier losses (Borken and Matzner 2009). 
 
The simplest way to alleviate the risk of carbon losses through changes to net ecosystem 
exchange would be through irrigation to maintain photosynthesis, though this is unlikely 
to be an option during periods of drought.  A more sustainable option would include 
incorporation of a range of plant functional groups with different rooting depths which 
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can take advantage of both deep soil moisture from occasional heavy rainfall events and 
shallow water pulses from more frequent light rainfall (Sala, Lauenroth, and Parton 
1992).  For example, in Chapter 2, shallow root biomass (5-10 cm) was highest in plots 
containing FG1 and deeper (10-20 cm) root biomass was highest with FG3.  If periods of 
low growing season rainfall are going to become more frequent, management options 
with mechanisms to avoid runoff and allow infiltration of water deep into the soil during 
periods of rain to help buffer against drought would also be advised.   
 
In these experiments the altered rainfall patterns consisted of an increase in winter 
rainfall as well as decreases in summer rainfall.  It was assumed, as measurements were 
taken during and at the end of the summer growing season, that the summer drought 
aspect would be the most important element of change in the results.  Despite this, 
there was a lag recorded in the soil moisture reduction following onset of the summer 
drought treatments. Therefore it is likely that ecosystem responses to the drought were 
also lagged and may even have been alleviated somewhat by the higher winter rainfall.  
This time lag was observed in previous work in the DIRECT system by Fry et al. (2013).  
Possible alleviation of summer drought effects by higher winter precipitation is backed up 
by studies showing that increased winter snow accumulation supports increased 
ecosystem respiration, photosynthesis, net ecosystem exchange and plant biomass, even 
under summer drought conditions (Chimner and Welker 2005; Chimner et al. 2010).  
However, as there was no drought treatment without winter additions in the DIRECT 
project, it is not possible to confirm if there was a similar effect here. 
 
All three experiments also indicated minor changes in the soil microbial communities 
under the rainfall change treatments.  In the diversity experiment this was limited to 
changes in bacterial and fungal abundance, which were also influenced by plant 
functional trait groups (Chapter 2).   In the drought extremes and nitrogen addition 
experiments (Chapters 3 and 4, respectively) the structure of the soil microbial 
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communities changed under drought conditions.  Other studies have shown that 
repeated exposure to drying/rewetting events can cause shifts in the composition of soil 
bacterial communities as they adapt (Evans and Wallenstein 2014), while Hawkes et al. 
(2011) showed shifts in fungal community composition, including higher diversity during 
drought events.  The changes in the microbial communities could help to explain the 
lower sensitivity of ecosystem respiration to drought compared to photosynthesis, which 
resulted in the reduction of net ecosystem exchange.  Further examination of the 
functional and taxonomic diversity within the microbial communities could help to 
elucidate the nature of the observed changes. 
 
5.2.2 Traits, diversity, and nutrients 
 
The functional trait x climate change experiment (Chapter 2) demonstrated that plant 
functional trait groups, defined based on life history and nutrient cycling characteristics, 
are linked to differences in a number of ecosystem properties under both ambient and 
drought conditions in this system.  The perennials (FG1) were linked to higher fungi 
abundance and soil carbon.  The caespitose grasses (FG2), which were not well enough 
established to show influence during the early years of the experiment (Ellen L. Fry et al. 
2013), were linked to increased photosynthesis and net ecosystem exchange. The 
annuals (FG3) were linked to lower vegetation cover and lower bacterial abundance. 
Ecosystem responsiveness to drought was also linked to functional group identity.  This 
included reduced species richness (FG1), increased root biomass (FG3), and decreased 
soil nitrogen, carbon, and fungi abundance (FG2).   
 
By the end of the project in 2013, species richness was low across all the DIRECT 
experiments, with richness ranging from two to nine species per plot.  For comparison, a 
total of 27 species were recorded at the site in September 2013, compared to an original 
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species pool of 57 at the start of the experiment in 2008.  Though grass cover was 
generally higher under drought conditions compared to ambient, grasses were dominant 
across all treatments at the site.  This low diversity is likely due to the limited 
disturbance at the site, which was not ploughed or mowed during the five years of 
experimentation.  This in contrast to other grassland diversity experiments which are 
mowed regularly, such as the Jena Biodiversity Experiment (Roscher, Schumacher, and 
Baade 2004).  Importantly, higher levels of both species richness and functional group 
richness have been shown to increase biomass individually (Reich et al. 2004). In the 
DIRECT diversity experiment (Chapter 2) functional trait group diversity was important 
under drought conditions, with trait diversity related to increases in plant cover and 
decreases in extractable ammonium and soil bacteria abundance. Given the already low 
species richness in this system, loss of functional diversity would have consequences for 
ecosystem functioning.   
 
The effects of nitrogen addition on this system were limited to legume suppression with 
no obvious accumulation of nitrogen in the soils, however, the interactions with drought 
offer scope for further study.  The low impact of nitrogen addition was unexpected, 
especially given other work showing strong links between nitrogen addition and decline 
in species richness in grasslands (Stevens et al. 2004a; Clark and Tilman 2008). This 
could be due to nitrogen saturation resulting in P-limitation, or limitation by another 
nutrient (R Bobbink and Lamers 2002).  A study by Pheonix et al. (2003) showed that 
simulated nitrogen pollution increased P demand in a grass species, while drought can 
make P less available. 
 
The interaction effects between nitrogen addition and drought observed in the CO2 flux 
measurements and fungi/bacteria ratio suggest that nitrogen addition moderates 
drought effects on these properties, as CO2 flux was lower and F/B ratio was higher 
under drought when no nitrogen was added, but there was no difference from ambient 
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with drought + nitrogen.  If there is an increase in drought frequency over time and 
these trends are stable, increased nitrogen could be important for maintaining carbon 
accumulation in this system by helping to boost net ecosystem CO2 exchange.  
 
5.3 Limitations and future research directions 
 
The DIRECT experiments took place over five years from 2008 through 2012.  This was 
long enough to reveal a range of effects which were not observed in the early years of 
the experiments, or which showed developing trends but were not statistically significant 
(Ellen L. Fry et al. 2013; Ellen L. Fry, Manning, and Power 2014; M. A. Lee et al. 2014). 
However, a number of studies have lasted much longer and continue to reveal important 
results, including the 160 year old Park Grass Experiment (Storkey et al. 2015).  While 
five years is not insubstantial, care must still be taken not to over-interpret the results, 
as there is no guarantee that the same trends will continue over time.  This is especially 
true as the treatments are dependent on ambient precipitation, so effects are less likely 
to be observed in particularly wet years like 2000 and 2012 (Met Office 2015).  All 
treatments in the DIRECT experiments had a replication rate of n=4.  While this was 
enough to reveal differences between the treatments, many properties showed trends in 
effect sizes which were not statistically significant.  While this means significant effects 
may have been missed, it also means risk of Type I error was low.  As is often the case 
in ecological research, a longer time series, better temporal resolution, and higher 
replication would have allowed for better assessment of the implications for 
biogeochemical cycling, but these considerations must be balanced against logistical 
limitations. 
 
All of the DIRECT experiments presented here were conducted on a single grassland site 
at Silwood Park in Berkshire, southeast England.  Conducting all the work on a single site 
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made it logistically and financially feasible, but does mean there are limitations in how 
widely the results can be extrapolated.  While there are some grassland experiments 
which use multiple sites across varying spatial scales (Hector 1999; Allan and Crawley 
2011), these are in the minority compared to single-site experiments.  Therefore, one 
way forward would be to incorporate data from multiple experiments where possible to 
draw more generalizable conclusions.  An example of this approach would be Thakur et 
al. (2015), which looked at microbial biomass from a range of plant diversity x climate 
experiments.  Another approach would include greater collaboration at the experimental 
design stage to ensure experiments in different locations will be easily comparable.  The 
Nutrient Network (NutNet) project is an example of this, with over 90 sites around the 
world hosting similar studies and sampling core properties using the same protocol 
(Stokstad 2011). 
 
Complex ecological systems and feedbacks can require complex experiments in order to 
adequately explore interaction effects, but this can lead to difficulty in interpreting the 
results.  For example, the range of interactions between plant functional traits and 
drought (Chapter 2) and the contradictory effects of nitrogen addition under drought 
conditions on vegetation cover versus CO2 flux (Chapter 4) would only be observed in an 
experiment like DIRECT which crosses multiple treatments, but observing a significant 
interaction does not reveal its mechanism.  There are two options to begin addressing 
this.  First, smaller scale mechanistic studies could be developed to look at particular 
interaction effects observed in the field data (e.g., net ecosystem exchange under 
drought and increased nitrogen).  Second, the concurrent collection of the data 
presented in this thesis makes it a candidate for structural equation modelling which can 
be used to assess the relative role of different factors in determining ecological 
responses (Arhonditsis et al. 2006).   
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Though the work presented here offers some characterisation of the belowground 
communities, further investigation would provide greater opportunities for identifying 
causal factors for the changes observed.  This would be particularly useful for 
incorporating into structural equation models. Further analysis of the soil microbial 
community data could help to identify whether the community structure changes link 
with increases or decreases in particular functional groups (e.g., nitrogen fixers or 
methanotrophs).   
 
The current missing link in the study relates to the belowground invertebrate community.  
I collected soil invertebrate samples in September 2012 and 2013 concurrent with the 
other data collection, however these have only undergone cursory analysis to date.  
Further work to identify invertebrate community structure and abundance could offer 
further explanatory power as invertebrates have been shown to influence plant 
community structure, productivity, decomposition, nutrient supply and ecosystem 
stability (Nico Eisenhauer and Schädler 2011b; Milcu et al. 2010; Nico Eisenhauer et al. 
2010; De Deyn et al. 2003). 
 
5.4 Conclusions 
 
Overall, the results from these experiments suggest challenges for maintaining grassland 
biodiversity and ecosystem functioning in a changing climate, with potential implications 
for climate feedbacks.  Though plant trait groups respond differently to drought, thereby 
offering some buffer with higher trait diversity, the overall trend towards increased grass 
dominance and decreased net ecosystem exchange suggests repeated droughts will 
result in lower diversity and net loss of CO2 during dry periods in this grassland system.  
This is especially true for longer and more intense droughts, such as those in the 
extremes experiment, which resulted in net loss of CO2 at the end of the summer two 
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years in a row. Higher levels of nitrogen deposition may help to offset some changes in 
CO2 flux in the short term, as seen in the nitrogen addition experiment, but are likely to 
exacerbate grass dominance, thereby reducing plant diversity and enhancing the 
likelihood of negative consequences for ecosystem functioning over longer time scales.  
Further work is needed to understand the mechanisms behind the observed changes and 
their implications under future climate change scenarios. 
 
104 
References 
Aanderud, Zachary T., Donald R. Schoolmaster, and Jay T. Lennon. 2011. “Plants Mediate 
the Sensitivity of Soil Respiration to Rainfall Variability.” Ecosystems 14: 156–67. 
doi:10.1007/s10021-010-9401-y. 
Allan, Eric, and Michael J Crawley. 2011. “Contrasting Effects of Insect and Molluscan 
Herbivores on Plant Diversity in a Long-Term Field Experiment.” Ecology Letters 14 
(12): 1246–53. doi:10.1111/j.1461-0248.2011.01694.x. 
Allen, SE. 1989. Chemical Analysis of Ecological Materials. Oxford, UK: Blackwell 
Scientific Publications. 
Arhonditsis, G.B., C.A. Stow, L.J. Steinberg, M.A. Kenney, R.C. Lathrop, S.J. McBride, and 
K.H. Reckhow. 2006. “Exploring Ecological Patterns with Structural Equation 
Modeling and Bayesian Analysis.” Ecological Modelling 192 (3-4): 385–409. 
doi:10.1016/j.ecolmodel.2005.07.028. 
Backhaus, Sabrina, Juergen Kreyling, Kerstin Grant, Carl Beierkuhnlein, Julia Walter, and 
Anke Jentsch. 2014. “Recurrent Mild Drought Events Increase Resistance Toward 
Extreme Drought Stress.” Ecosystems 17 (6): 1068–81. doi:10.1007/s10021-014-
9781-5. 
BAKKER, J, and F BERENDSE. 1999. “Constraints in the Restoration of Ecological 
Diversity in Grassland and Heathland Communities.” Trends in Ecology & Evolution 
14 (2): 63–68. doi:10.1016/S0169-5347(98)01544-4. 
Bardgett, R. D., J. L. Mawdsley, S. Edwards, P. J. Hobbs, J. S. Rodwell, and W. J. Davies. 
1999. “Plant Species and Nitrogen Effects on Soil Biological Properties of Temperate 
Upland Grasslands.” Functional Ecology 13 (5): 650–60. doi:10.1046/j.1365-
2435.1999.00362.x. 
Bardgett, Richard D, and David a. Wardle. 2010. Aboveground-Belowground Linkages: 
Biotic Interactions, Ecosystem Processes, and Global Change. Oxford: Oxford 
University Press. 
Blankinship, Joseph C., Pascal a. Niklaus, and Bruce a. Hungate. 2011. “A Meta-Analysis 
of Responses of Soil Biota to Global Change.” Oecologia 165: 553–65. 
105 
doi:10.1007/s00442-011-1909-0. 
Bobbink, R, and LPM Lamers. 2002. “Effects of Increased Nitrogen Deposition.” In Air 
Pollution and Plant Life, 465. John Wiley & Sons. 
https://books.google.com/books?hl=en&lr=&id=k_AvKQKSmnsC&pgis=1. 
Bobbink, R., K. Hicks, J. Galloway, T. Spranger, R. Alkemade, M. Ashmore, M. 
Bustamante, et al. 2010. “Global Assessment of Nitrogen Deposition Effects on 
Terrestrial Plant Diversity: A Synthesis.” Ecological Applications 20 (1): 30–59. 
doi:10.1890/08-1140.1. 
Bobbink, Roland, Michael Hornung, and Jan G. M. Roelofs. 1998. “The Effects of Air-
Borne Nitrogen Pollutants on Species Diversity in Natural and Semi-Natural 
European Vegetation.” Journal of Ecology 86 (5): 717–38. doi:DOI 10.1046/j.1365-
2745.1998.8650717.x. 
Borken, Werner, and Egbert Matzner. 2009. “Reappraisal of Drying and Wetting Effects on 
C and N Mineralization and Fluxes in Soils.” Global Change Biology 15: 808–24. 
doi:10.1111/j.1365-2486.2008.01681.x. 
Butenschoen, Olaf, Stefan Scheu, and Nico Eisenhauer. 2011. “Interactive Effects of 
Warming, Soil Humidity and Plant Diversity on Litter Decomposition and Microbial 
Activity.” Soil Biology and Biochemistry 43 (9). Elsevier Ltd: 1902–7. 
doi:10.1016/j.soilbio.2011.05.011. 
Chapin, F S, E S Zavaleta, V T Eviner, R L Naylor, P M Vitousek, H L Reynolds, D U 
Hooper, et al. 2000. “Consequences of Changing Biodiversity.” Nature 405 (May): 
234–42. doi:10.1038/35012241. 
Chimner, R. A., J. M. Welker, J. Morgan, D. LeCain, and J. Reeder. 2010. “Experimental 
Manipulations of Winter Snow and Summer Rain Influence Ecosystem Carbon 
Cycling in a Mixed-Grass Prairie, Wyoming, USA.” Ecohydrology 3 (3): 284–93. 
doi:10.1002/eco.106. 
Chimner, R.A., and J.M. Welker. 2005. “Ecosystem Respiration Responses to Experimental 
Manipulations of Winter and Summer Precipitation in a Mixedgrass Prairie, WY, USA.” 
Biogeochemistry 73 (1): 257–70. doi:10.1007/s10533-004-1989-6. 
Clark, Christopher M, and David Tilman. 2008. “Loss of Plant Species after Chronic Low-
106 
Level Nitrogen Deposition to Prairie Grasslands.” Nature 451 (7179). Nature 
Publishing Group: 712–15. doi:10.1038/nature06503. 
Cornelissen, J. H C, S. Lavorel, E. Garnier, S. Díaz, N. Buchmann, D. E. Gurvich, P. B. 
Reich, et al. 2003. “A Handbook of Protocols for Standardised and Easy 
Measurement of Plant Functional Traits Worldwide.” Australian Journal of Botany 51: 
335–80. doi:10.1071/BT02124. 
Craine, J M, D Tilman, D Wedin, P Reich, M Tjoelker, and J Knops. 2002. “Functional 
Traits, Productivity and Effects on Nitrogen Cycling of 33 \rgrassland Species.” 
Functional Ecology 16: 563. 
Crawley, Michael J. 2007. The R Book. The R Book. doi:10.1002/9780470515075. 
Cruz-Martínez, Karelyn, K Blake Suttle, Eoin L Brodie, Mary E Power, Gary L Andersen, 
and Jillian F Banfield. 2009. “Despite Strong Seasonal Responses, Soil Microbial 
Consortia Are More Resilient to Long-Term Changes in Rainfall than Overlying 
Grassland.” The ISME Journal 3: 738–44. doi:10.1038/ismej.2009.16. 
De Deyn, Gerlinde B, Ciska E Raaijmakers, H Rik Zoomer, Matty P Berg, Peter C de 
Ruiter, Herman a Verhoef, T Martijn Bezemer, and Wim H van der Putten. 2003. 
“Soil Invertebrate Fauna Enhances Grassland Succession and Diversity.” Nature 422 
(2000): 711–13. doi:10.1038/nature01548. 
De Deyn, Gerlinde B., Helen Quirk, Zou Yi, Simon Oakley, Nick J. Ostle, and Richard D. 
Bardgett. 2009. “Vegetation Composition Promotes Carbon and Nitrogen Storage in 
Model Grassland Communities of Contrasting Soil Fertility.” Journal of Ecology 97 
(5): 864–75. doi:10.1111/j.1365-2745.2009.01536.x. 
De Palma, a F. 2011. “Responses of Soil Invertebrates to Drought Depend upon Climatic 
Prediction and Plant Community Composition,” 1–52. 
de Vries, Franciska T, Pete Manning, Jerry R B Tallowin, Simon R Mortimer, Emma S 
Pilgrim, Kathryn A Harrison, Phil J Hobbs, et al. 2012. “Abiotic Drivers and Plant 
Traits Explain Landscape-Scale Patterns in Soil Microbial Communities.” Ecology 
Letters 15 (11): 1230–39. doi:10.1111/j.1461-0248.2012.01844.x. 
Dentener, Frank, Jerome Drevet, J. F. Lamarque, Isabelle Bey, Bas Eickhout, Arlene M. 
Fiore, Didier Hauglustaine, et al. 2006. “Nitrogen and Sulfur Deposition on Regional 
107 
and Global Scales: A Multimodel Evaluation.” Global Biogeochemical Cycles 20 (4). 
doi:10.1029/2005GB002672. 
Dı́az, Sandra, and Marcelo Cabido. 2001. “Vive La Différence: Plant Functional Diversity 
Matters to Ecosystem Processes.” Trends in Ecology & Evolution 16 (11): 646–55. 
doi:10.1016/S0169-5347(01)02283-2. 
Dukes, Jeffrey S., Nona R. Chiariello, Elsa E. Cleland, Lisa a. Moore, M. Rebecca Shaw, 
Susan Thayer, Todd Tobeck, Harold a. Mooney, and Christopher B. Field. 2005. 
“Responses of Grassland Production to Single and Multiple Global Environmental 
Changes.” PLoS Biology 3 (10). doi:10.1371/journal.pbio.0030319. 
Eisenhauer, N, H Bessler, C Engels, G Gleixner, M Habekost, a Milcu, S Partsch, et al. 
2010. “Plant Diversity Effects on Soil Microorganisms Support the Singular 
Hypothesis.” Ecology 91 (2): 485–96. doi:10.1890/08-2338.1. 
Eisenhauer, Nico, Volker Hörsch, Joachim Moeser, and Stefan Scheu. 2010. “Synergistic 
Effects of Microbial and Animal Decomposers on Plant and Herbivore Performance.” 
Basic and Applied Ecology 11: 23–34. doi:10.1016/j.baae.2009.11.001. 
Eisenhauer, Nico, Alexandru Milcu, Alexander C W Sabais, Holger Bessler, Johanna 
Brenner, Christof Engels, Bernhard Klarner, et al. 2011. “Plant Diversity Surpasses 
Plant Functional Groups and Plant Productivity as Driver of Soil Biota in the Long 
Term.” PLoS ONE 6 (1): 15–18. doi:10.1371/journal.pone.0016055. 
Eisenhauer, Nico, and Martin Schädler. 2011a. “Inconsistent Impacts of Decomposer 
Diversity on the Stability of Aboveground and Belowground Ecosystem Functions.” 
Oecologia 165: 403–15. doi:10.1007/s00442-010-1784-0. 
———. 2011b. “Inconsistent Impacts of Decomposer Diversity on the Stability of 
Aboveground and Belowground Ecosystem Functions.” Oecologia 165 (2): 403–15. 
doi:10.1007/s00442-010-1784-0. 
Evans, Sarah E., and Matthew D. Wallenstein. 2014. “Climate Change Alters Ecological 
Strategies of Soil Bacteria.” Ecology Letters 17: 155–64. doi:10.1111/ele.12206. 
Farrer, Emily C., Donald J. Herman, Eva Franzova, Trang Pham, and Katharine N. Suding. 
2013. “Nitrogen Deposition, Plant Carbon Allocation, and Soil Microbes: Changing 
Interactions due to Enrichment.” American Journal of Botany 100 (7): 1458–70. 
108 
doi:10.3732/ajb.1200513. 
Fay, Philip a., Jonathan D. Carlisle, Alan K. Knapp, John M. Blair, and Scott L. Collins. 
2003. “Productivity Responses to Altered Rainfall Patterns in a C 4-Dominated 
Grassland.” Oecologia 137: 245–51. doi:10.1007/s00442-003-1331-3. 
Fierer, Noah, Jason A. Jackson, Rytas Vilgalys, and Robert B. Jackson. 2005. 
“Assessment of Soil Microbial Community Structure by Use of Taxon-Specific 
Quantitative PCR Assays.” Applied and Environmental Microbiology 71 (7): 4117–20. 
doi:10.1128/AEM.71.7.4117-4120.2005. 
Fry, Ellen L., Pete Manning, David G P Allen, Alex Hurst, Georg Everwand, Martin 
Rimmler, and Sally a. Power. 2013. “Plant Functional Group Composition Modifies 
the Effects of Precipitation Change on Grassland Ecosystem Function.” PLoS ONE 8 
(2). doi:10.1371/journal.pone.0057027. 
Fry, Ellen L., Pete Manning, and Sally a. Power. 2014. “Ecosystem Functions Are 
Resistant to Extreme Changes to Rainfall Regimes in a Mesotrophic Grassland.” Plant 
and Soil 381 (1-2): 351–65. doi:10.1007/s11104-014-2137-2. 
Fry, Ellen L., Peter Manning, Catriona Macdonald, Shun Hasegawa, Adriana De Palma, 
Sally A. Power, and Brajesh K. Singh. 2015. “Shifts in Microbial Communities Do Not 
Explain the Response of Grassland Ecosystem Function to Plant Functional 
Composition and Rainfall Change.” Soil Biology and Biochemistry 92 (October): 
199–210. doi:10.1016/j.soilbio.2015.10.006. 
Fry, Ellen L., Sally a. Power, and Pete Manning. 2014. “Trait-Based Classification and 
Manipulation of Plant Functional Groups for Biodiversity-Ecosystem Function 
Experiments.” Journal of Vegetation Science 25: 248–61. doi:10.1111/jvs.12068. 
Fry, Ellen Louise. 2011. “Climate Change Implications for Grassland Ecosystems : A 
Biodiversity Approach,” no. July. 
Garnier, Eric, Jacques Cortez, Georges Billès, Marie Laure Navas, Catherine Roumet, Max 
Debussche, Gérard Laurent, et al. 2004. “Plant Functional Markers Capture 
Ecosystem Properties during Secondary Succession.” Ecology 85 (9): 2630–37. 
doi:10.1890/03-0799. 
Grigulis, Karl, Sandra Lavorel, Ute Krainer, Nicolas Legay, Catherine Baxendale, Maxime 
109 
Dumont, Eva Kastl, et al. 2013. “Relative Contributions of Plant Traits and Soil 
Microbial Properties to Mountain Grassland Ecosystem Services.” Journal of Ecology 
101 (1): 47–57. doi:10.1111/1365-2745.12014. 
Harper, Christopher W., John M. Blair, Philip A. Fay, Alan K. Knapp, and Jonathan D. 
Carlisle. 2005. “Increased Rainfall Variability and Reduced Rainfall Amount 
Decreases Soil CO2 Flux in a Grassland Ecosystem.” Global Change Biology 11 (2): 
322–34. doi:10.1111/j.1365-2486.2005.00899.x. 
Harpole, W. Stanley, Daniel L. Potts, and Katharine N. Suding. 2007. “Ecosystem 
Responses to Water and Nitrogen Amendment in a California Grassland.” Global 
Change Biology 13: 2341–48. doi:10.1111/j.1365-2486.2007.01447.x. 
Hättenschwiler, Stephan, Alexei V. Tiunov, and Stefan Scheu. 2005. “Biodiversity and 
Litter Decomposition in Terrestrial Ecosystems.” Annual Review of Ecology, 
Evolution, and Systematics 36 (1). Annual Reviews: 191–218. 
doi:10.1146/annurev.ecolsys.36.112904.151932. 
Hawkes, Christine V., Stephanie N. Kivlin, Jennifer D. Rocca, Valerie Huguet, Meredith a. 
Thomsen, and Kenwyn Blake Suttle. 2011. “Fungal Community Responses to 
Precipitation.” Global Change Biology 17: 1637–45. doi:10.1111/j.1365-
2486.2010.02327.x. 
Hector, A. 1999. “Plant Diversity and Productivity Experiments in European Grasslands.” 
Science 286 (5442): 1123–27. doi:10.1126/science.286.5442.1123. 
Hector, A., Y. Hautier, P. Saner, L. Wacker, R. Bagchi, J. Joshi, M. Scherer-Lorenzen, et al. 
2010. “General Stabilizing Effects of Plant Diversity on Grassland Productivity 
through Population Asynchrony and Overyielding.” Ecology 91 (8): 2213–20. 
doi:10.1890/09-1162.1. 
Heimann, Martin, and Markus Reichstein. 2008. “Terrestrial Ecosystem Carbon Dynamics 
and Climate Feedbacks.” Nature 451 (7176). Nature Publishing Group: 289–92. 
doi:10.1038/nature06591. 
Hoek, Dick Van Der, Anita J E M Van Mierlo, and Jan M Van Groenendael. 2004. “Nutrient 
Limitation and Nutrient-Driven Shifts in Plant Species Composition in a Species-Rich 
Fen Meadow.” Journal of Vegetation Science 15 (1990): 389–96. doi:10.1658/1100-
9233(2004)015[0389:NLANSI]2.0.CO;2. 
110 
Hooper, D. U., F. S. Chapin, J. J. Ewel, A. Hector, P. Inchausti, S. Lavorel, J. H. Lawton, et 
al. 2005. “Effects of Biodiversity on Ecosystem Functioning: A Consensus of Current 
Knowledge.” Ecological Monographs 75 (1): 3–35. doi:10.1890/04-0922. 
IPCC. 2007. Climate Change 2007 : Synthesis Report. Change. Vol. 446. 
doi:10.1256/004316502320517344. 
———. 2014. “Climate Change 2014: Synthesis Report. Contribution of Working Groups 
I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)].” Geneva, 
Switzerland. 
Isbell, Forest, Dylan Craven, John Connolly, Michel Loreau, Bernhard Schmid, Carl 
Beierkuhnlein, T. Martijn Bezemer, et al. 2015. “Biodiversity Increases the 
Resistance of Ecosystem Productivity to Climate Extremes.” Nature 526 (7574). 
Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights 
Reserved.: 574–77. doi:10.1038/nature15374. 
Jentsch, A., Kreyling, J., & Beierkuhnlein, C. 2007. “A New Generation of Climate Change 
Experiments : Events , Not Trends.” Frontiers in Ecology and the Environment 5: 
365–74. doi:10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2. 
Knapp, Alan K, Philip a Fay, John M Blair, Scott L Collins, Melinda D Smith, Jonathan D 
Carlisle, Christopher W Harper, Brett T Danner, Michelle S Lett, and James K 
McCarron. 2002. “Rainfall Variability, Carbon Cycling, and Plant Species Diversity in 
a Mesic Grassland.” Science (New York, N.Y.) 298 (2002): 2202–5. 
doi:10.1126/science.1076347. 
Lau, Jennifer A, and Jay T Lennon. 2011. “Evolutionary Ecology of Plant – Microbe 
Interactions : Soil Microbial Structure Alters Selection on Plant Traits,” 215–24. 
Lavorel, S, and E Garnier. 2002. “Prediciting Changes in Community Composition and 
Ecosystem Functioning from Plant Traits: Revisiting the Holy Grail.” Functional 
Ecology 16 (5): 545–56. doi:10.1046/j.1365-2435.2002.00664.x. 
Lavorel, Sandra, Karl Grigulis, Pénélope Lamarque, Marie Pascale Colace, Denys Garden, 
Jacky Girel, Gilles Pellet, and Rolland Douzet. 2011. “Using Plant Functional Traits to 
Understand the Landscape Distribution of Multiple Ecosystem Services.” Journal of 
Ecology 99 (1): 135–47. doi:10.1111/j.1365-2745.2010.01753.x. 
111 
Lee, Mark A, Pete Manning, Catherine S Walker, and Sally A Power. 2014. “Plant and 
Arthropod Community Sensitivity to Rainfall Manipulation but Not Nitrogen 
Enrichment in a Successional Grassland Ecosystem.” Oecologia 176 (4): 1173–85. 
doi:10.1007/s00442-014-3077-5. 
Lee, Mark, Pete Manning, Janna Rist, Sally A Power, and Charles Marsh. 2010. “A Global 
Comparison of Grassland Biomass Responses to CO2 and Nitrogen Enrichment.” 
Philosophical Transactions of the Royal Society of London. Series B, Biological 
Sciences 365 (1549): 2047–56. doi:10.1098/rstb.2010.0028. 
Lovell, R.D., S.C. Jarvis, and R.D. Bardgett. 1995. “Soil Microbial Biomass and Activity in 
Long-Term Grassland: Effects of Management Changes.” Soil Biology and 
Biochemistry. doi:10.1016/0038-0717(94)00241-R. 
Mace, Georgina M, Ken Norris, and Alastair H Fitter. 2012. “Biodiversity and Ecosystem 
Services: A Multilayered Relationship.” Trends in Ecology & Evolution 27 (1): 19–26. 
doi:10.1016/j.tree.2011.08.006. 
Melillo, Jerry M, Sarah Butler, Jennifer Johnson, Jacqueline Mohan, Paul Steudler, Heidi 
Lux, Elizabeth Burrows, et al. 2011. “Soil Warming, Carbon-Nitrogen Interactions, 
and Forest Carbon Budgets.” Proceedings of the National Academy of Sciences of 
the United States of America 108: 9508–12. doi:10.1073/pnas.1018189108. 
Met Office, FitzRoy Road, Exeter, Devon, EX1 3PB, United Kingdom. 2015. “2012 - a Wet 
Year.” Met Office, FitzRoy Road, Exeter, Devon, EX1 3PB, United Kingdom. 
http://www.metoffice.gov.uk/learning/learn-about-the-weather/weather-
phenomena/case-studies/2012-a-wet-year. 
Milcu, Alexandru, Elisa Thebault, Stefan Scheu, and Nico Eisenhauer. 2010. “Plant 
Diversity Enhances the Reliability of Belowground Processes.” Soil Biology and 
Biochemistry 42 (12). Elsevier Ltd: 2102–10. doi:10.1016/j.soilbio.2010.08.005. 
Millennium Ecosystem Assessment. 2005. Ecosystems and Human Well-Being: 
Biodiversity Synthesis. Ecosystems. Vol. 86. doi:10.1088/1755-1307/6/3/432007. 
Morecroft, M. D., G. J. Masters, V. K. Brown, I. P. Clarke, M. E. Taylor, and a. T. 
Whitehouse. 2004. “Changing Precipitation Patterns Alter Plant Community 
Dynamics and Succession in an Ex-Arable Grassland.” Functional Ecology 18: 648–
55. doi:10.1111/j.0269-8463.2004.00896.x. 
112 
Murphy, J., D. Sexton, G. Jenkins, P. Boorman, B. Booth, C. Brown, R. Clark, et al. 2010. 
“UK Climate Projections Science Report: Climate Change Projections.” Exeter. 
Novotny, Amy M., John D. Schade, Sarah E. Hobbie, Adam D. Kay, Marcia Kyle, Peter B. 
Reich, and James J. Elser. 2007. “Stoichiometric Response of Nitrogen-Fixing and 
Non-Fixing Dicots to Manipulations of CO2, Nitrogen, and Diversity.” Oecologia 151 
(4): 687–96. doi:10.1007/s00442-006-0599-5. 
Orwin, Kate H., Sarah M. Buckland, David Johnson, Benjamin L. Turner, Simon Smart, 
Simon Oakley, and Richard D. Bardgett. 2010. “Linkages of Plant Traits to Soil 
Properties and the Functioning of Temperate Grassland.” Journal of Ecology 98 (C): 
1074–83. doi:10.1111/j.1365-2745.2010.01679.x. 
Pereira, J. S., J. A. Mateus, L. M. Aires, G. Pita, C. Pio, J. S. David, V. Andrade, et al. 
2007. “Net Ecosystem Carbon Exchange in Three Contrasting Mediterranean 
Ecosystems – the Effect of Drought.” Biogeosciences 4 (5). Copernicus GmbH: 791–
802. doi:10.5194/bg-4-791-2007. 
Pfisterer, Andrea B, and Bernhard Schmid. 2002. “Diversity-Dependent Production Can 
Decrease the Stability of Ecosystem Functioning.” Nature 416 (6876). Macmillian 
Magazines Ltd.: 84–86. doi:10.1038/416084a. 
Phoenix, Gareth K, Rosemary E. Booth, Jonathan R. Leake, David J. Read, J. Philip 
Grime, and John A. Lee. 2003. “Simulated Pollutant Nitrogen Deposition Increases P 
Demand and Enhances Root-Surface Phosphatase Activities of Three Plant 
Functional Types in a Calcareous Grassland.” New Phytologist 161 (1): 279–90. 
doi:10.1046/j.1469-8137.2003.00910.x. 
Pinheiro, J, D Bates, S DebRoy, D Sarkar, and R Core Team. 2015. “Nlme: Linear and 
Nonlinear Mixed Effects Models.” http://cran.r-project.org/package=nlme. 
Planton, Serge, Michel Déqué, Fabrice Chauvin, and Laurent Terray. 2008. “Expected 
Impacts of Climate Change on Extreme Climate Events.” Comptes Rendus 
Geoscience 340 (9-10): 564–74. doi:10.1016/j.crte.2008.07.009. 
Ramirez, Kelly S., Joseph M. Craine, and Noah Fierer. 2010. “Nitrogen Fertilization 
Inhibits Soil Microbial Respiration regardless of the Form of Nitrogen Applied.” Soil 
Biology and Biochemistry 42 (12). Elsevier Ltd: 2336–38. 
doi:10.1016/j.soilbio.2010.08.032. 
113 
———. 2012. “Consistent Effects of Nitrogen Amendments on Soil Microbial Communities 
and Processes across Biomes.” Global Change Biology 18: 1918–27. 
doi:10.1111/j.1365-2486.2012.02639.x. 
Reich, Peter B, David Tilman, Shahid Naeem, David S Ellsworth, Johannes Knops, Joseph 
Craine, David Wedin, and Jared Trost. 2004. “Species and Functional Group 
Diversity Independently Influence Biomass Accumulation and Its Response to CO2 
and N.” Proceedings of the National Academy of Sciences of the United States of 
America 101 (27): 10101–6. doi:10.1073/pnas.0306602101. 
Reid, Joseph P., E. Carol Adair, Sarah E. Hobbie, and Peter B. Reich. 2012. “Biodiversity, 
Nitrogen Deposition, and CO 2 Affect Grassland Soil Carbon Cycling but Not 
Storage.” Ecosystems 15: 580–90. doi:10.1007/s10021-012-9532-4. 
Roscher, Christiane, Jens Schumacher, and Jussi Baade. 2004. “The Role of Biodiversity 
for Element Cycling and Trophic Interactions: An Experimental Approach in a 
Grassland Community.” Basic and Applied … 121: 107–21. doi:10.1078/1439-1791-
00216. 
RoTAP. 2011. “A Review of Acidification, Eutrophication, Heavy Metals and Ground-Level 
Ozone in the UK | Review of Transboundary Air Pollution (RoTAP).” 
http://www.rotap.ceh.ac.uk/. 
Sala, O. E., W. K. Lauenroth, and W. J. Parton. 1992. “Long-Term Soil Water Dynamics in 
the Shortgrass Steppe.” Ecology 73 (4): 1175. doi:10.2307/1940667. 
Santonja, Mathieu, Catherine Fernandez, Thierry Gauquelin, and Virginie Baldy. 2015. 
“Climate Change Effects on Litter Decomposition: Intensive Drought Leads to a 
Strong Decrease of Litter Mixture Interactions.” Plant and Soil 393 (1-2): 69–82. 
doi:10.1007/s11104-015-2471-z. 
Sayer, Emma J, Helen C Featherstone, and William D Gosling. 2014. “Sex & Bugs & 
Rock ’N Roll--Getting Creative about Public Engagement.” Trends in Ecology & 
Evolution 29 (2). Elsevier: 65–67. doi:10.1016/j.tree.2013.12.008. 
SHAVER, GAIUS R., JOSEP CANADELL, F. S. CHAPIN, JESSICA GUREVITCH, JOHN HARTE, 
GREG HENRY, PHIL INESON, et al. 2000. “Global Warming and Terrestrial 
Ecosystems: A Conceptual Framework for Analysis.” BioScience 50 (10). Oxford 
University Press: 871. doi:10.1641/0006-3568(2000)050[0871:GWATEA]2.0.CO;2. 
114 
Silvertown, Jonathan, Jerry Tallowin, Carly Stevens, Sally a. Power, Vicky Morgan, 
Bridget Emmett, Alison Hester, et al. 2010. “Environmental Myopia: A Diagnosis and 
a Remedy.” Trends in Ecology and Evolution 25: 556–61. 
doi:10.1016/j.tree.2010.06.015. 
Singh, Brajesh K., Loic Nazaries, Stacey Munro, Ian C. Anderson, and Colin D. Campbell. 
2006. “Use of Multiplex Terminal Restriction Fragment Length Polymorphism for 
Rapid and Simultaneous Analysis of Different Components of the Soil Microbial 
Community.” Applied and Environmental Microbiology 72 (11): 7278–85. 
doi:10.1128/AEM.00510-06. 
SITCH, S., C. HUNTINGFORD, N. GEDNEY, P. E. LEVY, M. LOMAS, S. L. PIAO, R. BETTS, et 
al. 2008. “Evaluation of the Terrestrial Carbon Cycle, Future Plant Geography and 
Climate-Carbon Cycle Feedbacks Using Five Dynamic Global Vegetation Models 
(DGVMs).” Global Change Biology 14 (9): 2015–39. doi:10.1111/j.1365-
2486.2008.01626.x. 
Smith, Melinda D. 2011a. “An Ecological Perspective on Extreme Climatic Events: A 
Synthetic Definition and Framework to Guide Future Research.” Journal of Ecology 
99 (3): 656–63. doi:10.1111/j.1365-2745.2011.01798.x. 
———. 2011b. “The Ecological Role of Climate Extremes: Current Understanding and 
Future Prospects.” Journal of Ecology 99 (3): 651–55. doi:10.1111/j.1365-
2745.2011.01833.x. 
Stevens, Carly J, Nancy B Dise, J Owen Mountford, and David J Gowing. 2004a. “Impact 
of Nitrogen Deposition on the Species Richness of Grasslands.” Science (New York, 
N.Y.) 303 (2004): 1876–79. doi:10.1126/science.1094678. 
———. 2004b. “Impact of Nitrogen Deposition on the Species Richness of Grasslands.” 
Science (New York, N.Y.) 303 (5665): 1876–79. doi:10.1126/science.1094678. 
Stokstad, Erik. 2011. “Network Science. Open-Source Ecology Takes Root across the 
World.” Science (New York, N.Y.) 334 (6054): 308–9. 
doi:10.1126/science.334.6054.308. 
Storkey, J, A J Macdonald, P R Poulton, T Scott, I H Köhler, H Schnyder, K W T Goulding, 
and M J Crawley. 2015. “Grassland Biodiversity Bounces Back from Long-Term 
Nitrogen Addition.” Nature 528 (7582). Nature Publishing Group, a division of 
115 
Macmillan Publishers Limited. All Rights Reserved.: 401–4. 
doi:10.1038/nature16444. 
Suttle, K B, Meredith a Thomsen, and Mary E Power. 2007. “Species Interactions Reverse 
Grassland Responses to Changing Climate.” Science (New York, N.Y.) 315 (2007): 
640–42. doi:10.1126/science.1136401. 
Thakur, Madhav Prakash, Alexandru Milcu, Pete Manning, Pascal A Niklaus, Christiane 
Roscher, Sally Power, Peter B Reich, et al. 2015. “Plant Diversity Drives Soil 
Microbial Biomass Carbon in Grasslands Irrespective of Global Environmental 
Change Factors.” Global Change Biology 21 (11): 4076–85. doi:10.1111/gcb.13011. 
Tiemann, Lisa K., and Sharon a. Billings. 2011. “Indirect Effects of Nitrogen Amendments 
on Organic Substrate Quality Increase Enzymatic Activity Driving Decomposition in a 
Mesic Grassland.” Ecosystems 14 (December 2010): 234–47. doi:10.1007/s10021-
010-9406-6. 
Tilman, D, P B Reich, J Knops, D Wedin, T Mielke, and C Lehman. 2001. “Diversity and 
Productivity in a Long-Term Grassland Experiment.” Science (New York, N.Y.) 294 
(2001): 843–45. doi:10.1126/science.1060391. 
Van den Berge, J., K. Naudts, H.J. De Boeck, R. Ceulemans, and I. Nijs. 2014. “Do 
Interactions with Neighbours Modify the above-Ground Productivity Response to 
Drought? A Test with Two Grassland Species.” Environmental and Experimental 
Botany 105 (September): 18–24. doi:10.1016/j.envexpbot.2014.04.002. 
Vogel, Anja, Nico Eisenhauer, Alexandra Weigelt, and Michael Scherer-Lorenzen. 2013. 
“Plant Diversity Does Not Buffer Drought Effects on Early-Stage Litter Mass Loss 
Rates and Microbial Properties.” Global Change Biology 19 (9): 2795–2803. 
doi:10.1111/gcb.12225. 
Waldrop, M. P., and M. K. Firestone. 2006a. “Response of Microbial Community 
Composition and Function to Soil Climate Change.” Microbial Ecology 52: 716–24. 
doi:10.1007/s00248-006-9103-3. 
———. 2006b. “Seasonal Dynamics of Microbial Community Composition and Function in 
Oak Canopy and Open Grassland Soils.” Microbial Ecology 52: 470–79. 
doi:10.1007/s00248-006-9100-6. 
116 
Walther, Gian-Reto, Eric Post, Peter Convey, Annette Menzel, Camille Parmesan, Trevor J 
C Beebee, Jean-Marc Fromentin, Ove Hoegh-Guldberg, and Franz Bairlein. 2002. 
“Ecological Responses to Recent Climate Change.” Nature 416 (6879): 389–95. 
doi:10.1038/416389a. 
Ward, Susan E., Richard D. Bardgett, Niall P. McNamara, and Nick J. Ostle. 2009. “Plant 
Functional Group Identity Influences Short-Term Peatland Ecosystem Carbon Flux: 
Evidence from a Plant Removal Experiment.” Functional Ecology 23 (2): 454–62. 
doi:10.1111/j.1365-2435.2008.01521.x. 
Wardle, David a., Karen I Bonner, and Gary M Barker. 2000. “Stability of Ecosystem 
Properties in Response to above-Ground Functional Group Richness and 
Composition.” Oikos 89 (July 1999): 11–23. doi:10.1034/j.1600-
0706.2000.890102.x. 
WELTZIN, JAKE F., MICHAEL E. LOIK, SUSANNE SCHWINNING, DAVID G. WILLIAMS, 
PHILIP A. FAY, BRENT M. HADDAD, JOHN HARTE, et al. 2003. “Assessing the 
Response of Terrestrial Ecosystems to Potential Changes in Precipitation.” BioScience 
53 (10). Oxford University Press: 941. doi:10.1641/0006-
3568(2003)053[0941:ATROTE]2.0.CO;2. 
Wright, Ian J., Peter B. Reich, Mark Westoby, David D. Ackerly, Zdravko Baruch, Frans 
Bongers, Jeannine Cavender-Bares, et al. 2004. “The Worldwide Leaf Economics 
Spectrum.” Nature 428 (6985): 821–27. doi:10.1038/nature02403. 
Yan, Liming, Shiping Chen, Jianhui Huang, and Guanghui Lin. 2011. “Increasing Water 
and Nitrogen Availability Enhanced Net Ecosystem CO2 Assimilation of a Temperate 
Semiarid Steppe.” Plant and Soil 349 (1-2): 227–40. doi:10.1007/s11104-011-
0864-1. 
Yuste, J. C., J. Peñuelas, M. Estiarte, J. Garcia-Mas, S. Mattana, R. Ogaya, M. Pujol, and 
J. Sardans. 2011. “Drought-Resistant Fungi Control Soil Organic Matter 
Decomposition and Its Response to Temperature.” Global Change Biology 17: 1475–
86. doi:10.1111/j.1365-2486.2010.02300.x. 
Zak, DR R, WE E Holmes, DC C White, AD D Peacock, and D Tilman. 2003. “Plant 
Diversity, Soil Microbial Communities, and Ecosystem Function: Are There Any 
Links?” Ecology 84 (8): 2042–50. doi:10.1890/02-0433. 
117 
Zavaleta, Erika S, Jae R Pasari, Kristin B Hulvey, and G David Tilman. 2010. “Sustaining 
Multiple Ecosystem Functions in Grassland Communities Requires Higher 
Biodiversity.” Proceedings of the National Academy of Sciences of the United States 
of America 107 (4): 1443–46. doi:10.1073/pnas.0906829107. 
 
 
118 
 Appendix 1: DIRECT site map 
 
  
442 
12 
443 
123 
444 445 
446 
1 
447 
448 
3 
449      
 
  
434 
23 
435 436 437 438 439 440 
441 
2 
     
 
426 427   428 429 
430 
1 
431 
2 
432 433         
 
415 416     417 418 419 
420 
13 
421 
422 
3 
423 
424 
123 
425 
404 
405 
13 
    406 407 
408 
23 
409 410 411 412 413 414 
340 341 
342 
2 
343 344 345 
346 
3 
347 348 349 401 
402 
12 
403 
333 
3 
334 335 336 337       338 
339 
23 
      
 
326 
123 
327 
328 
1 
329 330       331 332     
 
318 
319 
13 
320 321 
322 
23 
323 
324 
13 
325        
 
310 311 
312 
12 
313 314 
315 
123 
316 317 
  
    
 
302 
1 
303 304 305 306 307 
308 
12 
309   
 
   
 
243 244 245 246 247 248 
249 
123 
301 
2 
      
 
235 
236 
2 
237 
3 
238 
13 
239 240 241 242       
 
227 228 229 
230 
23 
231 
1 
232 233 234       
 
219 220 
221 
12 
222 
13 
223 224 225 226       
 
211 
212 
12 
213 214 
215 
123 
216 
217 
12 
218       
 
203 
204 
2 
205 206 
207 
3 
208 209 210       
 
144 
145 
1 
146 147 
148 
12 
149 201 202       
 
136 
3 
137 138 139 
140 
123 
141 142 143   
 
  
  
129 
2 
130 
23 
131 132 
133 
123 
134 135        
 
122 
13 
123 124 125 126 
127 
3 
128        
 
115 116 
117 
13 
118 119 120 
121 
12 
       
 
108 109 110 111 112 
113 
1 
114        
 
101 102 
103 
23 
104 
105 
2 
106 107        
 
Key: 
        Rainfall change treatment for diversity experiment 
       Ambient control for diversity experiment 
       Ambient control for extremes and high variability 
       Extended drought treatment 
       Variable climate treatment 
       Nitrogen addition + rainfall change 
       Nitrogen addition + ambient climate 
       Control for N addition + rainfall change 
      Control for N addition + ambient climate 
       Plot not in use 
 
         Top of slope North 
 
Plant functional groups: 
1 – Perennial grasses, forbs and legumes 
2 – Caespitose grasses and tall forbs 
3 – Annual forbs, legumes and grasses 
Colour coding denotes climate and/or nitrogen 
addition treatment.  White plots are not currently in 
use.  Three digit number identifies the plots, with the 
first digit indicating the block and the second two 
digits indicating the plot within that block.  Numbers 
below denote which plant functional groups are 
present for climate x functional diversity experiment.  
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Appendix 2: Chapter 2 additional tables and figures 
 
Table A2.1: Summary of ecosystem responses to climate and plant functional group 
treatments, 2012 and 2013. All p <0.1 are presented, along with the direction of change 
(+ or -). ‘ns’ indicates not significant, p>0.1. ‘NA’ denotes no data are available. 
 2012 2013 
 factor +/- p-value factor +/- p-value 
Total plant cover   ns FG3 - 0.018 
Grass cover FG3 - 0.082 FG3 - 0.006 
Forb cover   ns   ns 
Legume cover FG1 - 0.040 FG1 - 0.039 
Plant species richness Drought x FG1 
FG1 xFG2 
- 
+ 
0.025 
0.004 
Drought x FG1 - 0.047 
Total root biomass NA Drought x FG3 + 0.073 
Surface roots NA Drought x FG1 + 0.079 
Shallow roots NA FG1 + 0.018 
Deep roots NA   ns 
NEE   ns FG2 
SM** 
- 
+ 
0.024 
0.010 
Reco   ns FG1 
FG2 
FG3 
FG1:FG3 
+ 
+ 
+ 
- 
0.008 
0.050 
0.071 
0.011 
Psyn   ns FG2 
SM** 
+ 
+ 
0.010 
0.008 
Extractable NH4
+   ns FG1 
FG2 
FG3 
Drought x FG1 
Drought x FG3 
+ 
+ 
+ 
- 
- 
0.017 
0.047 
0.017 
0.023 
0.087 
Extractable NO3
-   ns FG3 
Drought x FG3 
+ 
- 
0.028 
0.004 
Total soil N Drought - 0.060 Drought 
Drought x FG2 
+ 
- 
0.022 
0.010 
Total soil C FG1 
FG2 
FG3 
Drought 
FG1:FG2 
FG2:FG3 
+ 
+ 
+ 
- 
- 
- 
 FG1 
Drought 
Drought x FG2 
+ 
+ 
- 
0.040 
0.037 
0.024 
C:N ratio   ns FG1 + 0.023 
Extractable PO4   ns   ns 
Total soil P   ns   ns 
Litter decomposition* Drought 
FG3 
+ 
- 
0.007 
0.018 
  ns 
Microbial activity* Drought + 0.007   ns 
Bacteria abundance NA FG3 
Drought 
- 
+ 
0.015 
0.084 
Fungi abundance NA FG1 
FG1:FG3 
Drought x FG2 
+ 
- 
- 
0.084 
0.010 
0.069 
*For decomposition, 2012 results refer to decomposition in the field between March and September 2012. For 
2013, they refer to decomposition in the field between March 2012 and March 2013. For microbial activity, 
2012 results refer to microbial respiration and 2013 results refer to soil ATP as described in methods. 
** SM is soil moisture, which was used as a covariate in CO2 flux measurement, along with PAR and soil 
temperature. 
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Table A2.2 Effects of plant functional group diversity on ecosystem responses. #FG 
refers to the number of plant functional trait groups present in the treatments. 
  2012   2013  
 factor +/- p-value factor +/- p-value 
Total plant cover   ns #FG 
Drought:#FG 
- 
+ 
0.015 
0.047 
Plant species richness #FG + 0.046   ns 
Extractable NH4
+   ns #FG 
Drought:#FG 
+ 
- 
<0.001 
0.008 
Bacteria abundance  NA  Drought 
Drought: #FGs 
+ 
- 
0.007 
0.024 
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Figures below show the full range of treatment combinations for climate x functional 
diversity experiment described in chapter 2. In all cases the functional groups present 
are presented on the x-axis (e.g., “1” indicates that only FG1 is present, “123” indicates 
that all three FGs are present together). Grey bars indicate ambient climate treatment 
and white bars indicate drought treatment.  Graphs are paired with the left-hand column 
showing results from 2012 and the right-hand column showing results from 2013, except 
for root biomass which was only measured in 2013.   
 
 
 
Figure A2.1 Total vegetation and species richness by functional group and climate 
treatment, September 2012 and 2013.  x-axis numbers indicate which functional groups 
were present in the sampled plots. Error bars represent ±SEM 
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Figure A2.2 Root biomass by depth and functional group and climate treatment, 
September 2012.  x-axis numbers indicate which functional groups were present in the 
sampled plots. Error bars represent ±SEM. Surface roots refer to 0-5 cm depth. Shallow 
is 5-10 cm depth. Deep is 10-20 cm depth. Total is the sum of all roots in 0-20 cm 
depth. 
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Figure A2.3 Net ecosystem exchange and ecosystem respiration by functional group and 
climate treatment, September 2012 and 2013.  x-axis numbers indicate which functional 
groups were present in the sampled plots. Error bars represent ±SEM. 
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Figure A2.4 Soil extractable nutrients by functional group and climate treatment, 
September 2012 and 2013. x-axis numbers indicate which functional groups were 
present in the sampled plots. Error bars represent ±SEM. 
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Appendix 3: Additional project contributions during the PhD period 
 
Below are details of work I completed on four additional projects - one research 
collaboration which resulted in a publication, one research collaboration which is still 
underway, one project which was abandoned in favour of other work with greater 
applicability, and one public engagement project with resulted in a publication. 
 
A 3.1 Plant diversity and microbial biomass 
 
I contributed soil samples and vegetation data from the DIRECT climate change – plant 
functional trait diversity experiment towards an international project looking at the links 
between plant diversity, microbial biomass and environmental change.  This resulted in a 
publication in Global Change Biology (Thakur et al. 2015). 
 
A 3.2 Diversity, extremes and ecosystem response (DExtER) 
 
The DExtER experiment examined the effects of a large one-off extreme flooding event 
on seven grassland communities across Silwood Park with different levels of plant 
diversity.  It was developed by Kathryn Luckett and Blake Suttle.  I contributed by 
measuring soil extractable nitrogen and phosphorus levels before the flooding, 
immediately after and one year after to contribute to assessment of ecosystem 
resistance and resilience to the disturbance.  I also conducted assessments of the soil 
microbial communities immediately after and one year after the flooding.  This work is 
not yet complete and requires further input from collaborators, but initial results reveal 
clear immediate effects of the flood on soil total and extractable nitrogen, and 
differences in the soil communities between sites, flood treatment, and date 
(immediately after or one year after the flood). 
 
126 
 
Figure A3.1 Extractable ammonium immediately before and after flood treatment, 
summer 2012.  
 
 
Figure A3.2 Soil (a) bacteria community and (b) fungal community by site, flood 
treatment and date (post-flood, or one year later).  
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A 3.3 Non-destructive estimation of carbon and nitrogen budgets in an 
experimental grassland 
 
In order to estimate carbon and nitrogen budgets in grassland system, it is necessary to 
know (1) the carbon and nitrogen content of the soil, (2) the carbon and nitrogen 
content of the plants, and (3) the biomass of the plants.  While sampling soils and 
measuring carbon and nitrogen content is straightforward, assessing plant biomass, 
carbon and nitrogen is difficult when destructive biomass harvesting is not desirable. 
 
I assessed carbon and nitrogen content of 290 plant samples from across the DIRECT 
site and found that content separated well in grass, forb and legume functional groups. 
 
 
Figure A3.3 Average vegetation carbon and nitrogen content by functional group based 
on 290 plant samples. 
 
In order to estimate above ground biomass, I created sixteen 0.5 m x 0.5 m plots 
around the edges of the DIRECT study system in August 2012.  For each plot, 
percentage living cover of each plant species was estimated, and then all aboveground 
biomass was removed at ground level.  Fresh biomass was separated by species, dried at 
80oC for 24 h, and weighed to determine dry mass for each species in each plot. I used 
generalised least squares to calculate the relationships between cover and biomass.  
These separated clearly into grass and forb/legume groups.  The relationships were 
strong, but tended to under-predict at high levels of biomass.  This was a particular 
challenge for grasses, when cover was very high. 
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Figure A3.4 Measured biomass vs biomass predicted from cover using a GLS approach 
for grasses and forbs/legumes. Points indicate individual species from different plots. 
Coloured lines indicate the relationship between measured and predicted biomass. Black 
line indicates where perfect matches between measured and predicted biomass would 
fall. 
 
Though the relationships were strong, they were not detailed enough to show differences 
between species, nor stable enough over time (between or during growing seasons) to 
be more widely applicable.  This approach may be more useful in a system where plant 
cover and biomass are more stable over time, for instance a community dominated by 
slow-growing shrubs. 
 
 
A 3.4 Getting creative about public engagement 
 
I was part of the organising team for the British Ecological Society’s project engaging 
music festival-goers with ecological research during the BES’s centenary year. This 
resulted in interactions with around 5000 members of the public and a publication in 
Trends in Ecology and Evolution (Sayer et al., 2014). 
 
129 
 
 
